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Abstract
Mechanical forces play an important role in cell morphology, orientation, migration, adhesion
and can even induce apoptosis. The eukaryotic cell is equipped with a dynamic frame, known as
the cytoskeleton, that provides the cell's structural integrity in order to sustain and react to such
forces. Therefore, understanding the mechanical properties of the cytoskeleton is an important
step towards building models describing cell behavior. Filamentous actin (F-actin), as one of the
major constituents of the cytoskeleton, has been the target of extensive in vitro studies to
determine its mechanical properties in bulk. However, there is still a lack in the understanding of
how the molecular interactions between F-actin and the proteins that arrange these filaments into
networks regulate the dynamic properties of the cytoskeleton
Here we present a novel, single molecule assay to test the rupture force of a complex formed by
an actin binding protein (ABP) linking two actin filaments. We readily demonstrate the
adaptability of this assay by testing it with two different ABPs: filamin, a crosslinker, and a-
actinin, a bundler. We measured rupture forces of 28-73 pN and 30-56 pN for filamin/actin and
a-actinin/actin respectively, suggesting that the former is a slightly stronger interaction.
Moreover, since no ABP unfolding events were observed at our force levels, our results suggest
that ABP unbinding is a more relevant mechanism than unfolding for the temporal regulation of
the mechanical properties of the actin cytoskeleton.
In addition, we explore the micro-scale properties of F-actin networks reconstituted in vitro.
Using imaging and microrheology techniques we characterized the effects of filament length and
degree of crosslinking on the structural arrangement and mechanical properties of F-actin
networks. We found that the mechanical properties of these networks are length-scale dependent.
Also, when probed with active methods, the F-actin networks exhibited strain hardening
followed by a gradual softening at forces -30 pN, in good agreement with the single molecule
rupture force of 28-73 pN. Thus, with the combination of single molecule and network studies,
we can expand the knowledge-base on the regulation and control of the cellular machinery
starting from the molecular building blocks.
Thesis Co-supervisor: Matthew J. Lang
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Thesis Co-supervisor: Roger D. Kamm
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Chapter 1: Introduction
1.1 Scope
External forces from the surroundings and internal forces generated by the cell affect cellular
morphology, orientation, migration, adhesion and can even induce apoptosis (1). The eukaryotic
cell is equipped with a dynamic frame that provides the cell's structural integrity in order to
sustain and react to such forces. This complex frame is known as the cytoskeleton. Its main
components are a series of protein filaments, including microtubules, intermediate filaments and
actin filaments, that are structurally and functionally different. Microtubules, as its name implies,
are hollow tubes with an outside diameter of -23 nm and a persistence length, a measure of its
stiffness, of •10 mm. They act as a scaffold to determine cell shape, serve as tracks for molecular
motors, such as kinesin and dynein, to actively transport cargo to different parts of the cell, and
during mitosis, form the spindles that separate the chromosomes. Intermediate filaments are
about 10 nm in diameter, prominent in cells that withstand large mechanical stresses, and related
with cell-cell interactions. Actin filaments (F-actin), or microfilaments, are ~7 nm in diameter,
provide most of the structural integrity of the cell, keep the cell in a tensile state, and in
collaboration with the molecular motor myosin, exert forces that contract the lagging end of a
migrating cell. The assembly, disassembly and structural arrangement of these three types of
filaments is mostly regulated by other associated proteins that bind to either their monomeric or
filamentous forms. Because these structural components play a crucial role during a cell lifespan,
it is important to understand how they regulate the mechanical behavior of the cell and enhance
the adaptability of the cell to external and internal forces.
Characterizing the behavior of three major components of the cytoskeleton is a very
challenging task. Because of their different structure and function, very few characteristics are
shared between these cytoskeletal components; thus generalizations are seldom appropriate. It is
therefore necessary, from a researcher's standpoint, to select a target to investigate and explore it
as deeply as possible. With this in mind, the target selected for this thesis is filamentous actin.
The first experimental observation of actin was in 1887 by W.D. Halliburton (2), but it
was not until the 1950's when it became the major focus of many researchers. It is one of the
most highly conserved proteins between species, and in eukaryotes, it constitutes 1-10% of all
the cytoplasmic protein content by weight (1). Because actin is an active component in cell
morphology, migration, force sensing and force exerting, it is of great interest to study its
interactions with other cellular proteins to better understand the cellular machinery. This will in
turn expand our knowledge in the mechanisms involved with cancer metastasis and force-related
diseases such as arthritis and atherosclerosis.
It is the purpose of this thesis to investigate how the molecular interactions between actin
and actin binding proteins regulate the mechanical behavior of the cytoskeleton. In doing so we
establish novel techniques in vitro, ranging from probing single molecule interactions to meso-
scale mechanical properties, that were implemented in an optical tweezers set up. Using these
techniques, we provide solid evidence relating single molecule unbinding events with the
mechanical stability of F-actin networks. With the instrumentation developed, experimental
methods and the results presented here, a new door is open to explore actin related molecular
interactions that were not accessible before.
In the following sections of this chapter, a summary of the functions of actin is presented,
followed by a brief overview of the instrument developed to perform these experiments: an
optical trap combined with single molecule fluorescence. The chapter ends with an introduction
to microrheology, the approach used to study the mechanical properties of actin networks. In
chapter 2, we detail a novel experimental method to measure single molecule unbinding forces
between actin and actin binding proteins using optical tweezers, and discuss our experimental
findings. Moving up to the micro-scale, in chapter 3 we explore the microstructure and
mechanical behavior of F-actin networks reconstituted in vitro and draw conclusions connecting
network behavior to single molecule interactions. An innovative technique to facilitate the
combination of optical tweezers with single molecule fluorescence is presented in chapter 4. This
work finalizes with a brief presentation of future directions in chapter 5.
1.2 Cells, forces, actin and actin binding proteins
Cells are a very dynamic entity capable to react and to adapt to its environment by sensing
external cues including mechanical forces. For example, when a monolayer of endothelial cells is
subjected to fluid shear, the morphology of the cell changes from a polygonal shape into a more
elongated shape orthogonal to the direction of fluid flow (3, 4). The development of bone cells is
triggered by the mechanical stresses exerted by its surroundings. Also, through the focal
adhesion sites the cells can probe the stiffness of its surrounding matrix by transmitting internal
forces generated by the motor protein myosin acting on actin stress fibers in order to decide in
which direction it should migrate (5). During cell migration, actin filament formation,
orchestrated by a variety of actin binding proteins (ABPs) that promote polymerization at the
leading edge, generates forces that protrude the cell membrane in the direction of motion (6-10).
All of these examples are accompanied with substantial morphological changes of the cell that
are regulated by reorganization of the cytoskeleton. In general the cytoskeleton exhibits solid-
like and fluid-like properties that are intimately related to cell mechanics (11-14). As such, the
cytoskeleton is considered as a viscoelastic material. Actin, as one of the major structural
components of the cytoskeleton, plays an important role in the cell force transmission pathways
that include networks, stress fibers, and focal adhesion linkages. Therefore, understanding the
actin cytoskeleton mechanics is an important step towards elucidating the mechanical behavior
of the cell.
37 nm
Figure 1.1. Reconstruction of an actin filament from electron micrographs (adapted from McGough et al (15)).
Sequential polymerization of actin monomers form a double helical arrangement with pitch of - 37 nm and diameter
of -7 nm.
Actin is a cytoskeletal protein consisting of 631 amino acid residues, with a molecular
weight of 42-47 kDa. The actin molecule (G-actin) is divided into four sub-domains with a
nucleotide-binding cleft at the center of the molecule that helps in promoting polymerization.
Inside a living cell, actin is present in its monomeric form or in the fibrous polymer form (F-
actin). Promoted by local high concentrations of cations (K%, Mg 2+, Ca2+), F-actin grows by
sequential polymerization of monomers in the ATP-bound state, forming a two-stranded helical
polymer with a diameter of -7 nm, pitch of -37nm and lengths that range from a few hundred
nanometers to several tens of micrometers (Figure 1.1) (16). One of the ends, the barbed end,
polymerizes faster than the other, giving F-actin a polarized structure that provides directionality
to forces exerted by the cell. The persistence length of F-actin, a measure of its stiffness, is -16
gpm, much greater that the filament diameter but comparable to the filament contour length; thus
mechanically, F-actin is considered a semiflexible polymer. In more tangible terms, if the
filament diameter were the size of a tennis ball, it would extend for more than the length of a
tennis court before any noticeable thermal deflection. F-actin can sustain tensile stresses up to 40
MPa before rupture and its Young's modulus is estimated at 2.8 GPa (17), as it is considered one
of the strongest naturally occurring biopolymers that exist.
Inside the cell, the distribution between monomeric and filamentous forms of actin is
regulated by the local concentration of both as well as the presence of capping, severing and
sequestering proteins (Table 1.1). At the leading edge of a cell, conditions favor the growth and
branching of filaments in order to push the cell membrane outwards as sheet-like protrusions,
known as lamellipodia, or as rod-like protrusions, known as filopodia, during cell migration. At
focal adhesions, the local environment keeps a stable filament that provides a solid anchor
connecting the cell with the extracellular matrix (ECM). Throughout the cytoskeleton, other actin
binding proteins function as structural scaffolds crosslinking actin filaments to provide the
integrity of cell. For example, the cell mechanical properties are mostly determined by an
isotropic shell, known as the cortex, formed by crosslinking of F-actin with filamin (18). Another
structural component of the cell is thick actin cables, known as stress fibers, formed by bundling
multiple actin filaments with a-actinin and fascin among others. These fibers help the cell to
sense the mechanical properties of its surroundings by applying force through the acto-myosin
machinery.
Table 1.1. Actin binding proteins, molecular weights (approximate) and functions
Protein name Molecular Weight Function
a-actinin 100 kDa F-actin crosslinker, promotes bundles or network
Vinculin 124 kDa Stabilizes interaction between talin and actin, and
talin and lipid bilayer
Talin 270 kDa Couples membrane proteins with cytoskeletal
proteins
Filamin 280 kDa F-Actin crosslinker, promotes actin networks
Fimbrin 68 kDa F-actin crosslinker, promotes bundling
Gelsolin 86 kDa F-actin severing and capping protein
Arp2/3 45 kDa Promotes filament branching
ADF/cofilin 19 kDa Promotes actin depolymerization
VASP 40 kDa Promotes polymerization, inhibits barbed end
capping
Fascin 55-58 kDa F-actin crosslinker, promotes bundling
--
This thesis is focused on the study of the molecular interactions between actin filaments
and two of the major structural ABPs: filamin and a-actinin. By taking a closer look at these
interactions, we can learn more about how the cellular machinery is regulated.
1.3 Optical trapping
Optical trapping as well as fluorescence microscopy are techniques that have been utilized by
researchers in different areas for some time. Although these two methods are not new, the
combination of both in one instrument has been a challenge until recent developments (19-21).
The instrument presented in this chapter was used for all the work presented in this thesis; thus,
the design and construction of this instrument was an essential part for the completion of this
work.
The concept of force generated by an incident beam of light on a surface has been studied
since the seventeenth century. During that time, based on astronomical observations, the German
astronomer Johannes Kepler hypothesized that the reason for the comet tails to point away from
the sun was because the sun's radiation pushes them in that direction. Although this idea was
considered extreme by that era, it set the stage for what was later known as the phenomenon of
radiation pressure. In the late nineteen hundreds, James Maxwell, with his Theory of
Electromagnetism, showed mathematically that light incident on a surface can actually generate
a force, namely radiation pressure. The first experimental evidence of radiation pressure was
obtained in 1901 by the Russian Pyotr Nikolaievich Lebedev (22) and by (unrelated
experiments) the Americans Ernest Fox Nichols and Gordon Hull (23). While their experiments
were fairly simple (a light beam incident on a glass surface suspended in air by a fine torsional
fiber), their results are the basis for the widely used technique of optical tweezers.
With the introduction of lasers during the 1960's, scientists found a way to generate a
relatively small diameter beam with very high intensity. These high intensity laser beams can be
focused into a tight, diffraction-limited spot that can generate forces to push, pull or trap small
objects with sizes ranging from a few to tens of micrometers depending on their optical
properties. These observations prompted Arthur Ashkin (24-27) to perform pioneering
experiments on optical tweezers. By 1986, Ashkin et al (28) demonstrated the first optical
tweezers application by using a microscope objective to tightly focus a laser beam, attaining a
stable three-dimensional trap. A year later Ashkin and others (29, 30) demonstrated several
biological applications of optical tweezers by trapping bacteria, viruses and yeasts. These
accomplishments initiated a technological revolution in manipulation of micron-sized particles
that led to the sophisticated equipment used in optical tweezers.
Optical tweezers have found widespread applications in the biological world. By using a
near infrared laser as the trapping source, there is minimal damage to the biological specimen
and it leaves the visible spectrum open for fluorescence microscopy. Applications in cell biology
include studies in red blood deformation (31), cell locomotion and lamellipodia formation (32),
and focal adhesion formation (33). On the other hand, single molecule studies using optical
tweezers include the characterization of molecular motors such as kinesin, myosin and RNA
polymerase. Other researchers have used optical tweezers to stretch DNA (34) to observe how it
transitions between different conformations.
To explain the phenomenon of optical trapping, one has to apply concepts ranging from
electromagnetics to quantum physics. It is beyond the scope of this work to present a full
description of theory behind radiation pressure and optical trapping. If the interest of the reader is
to learn more about this theory, please refer to Ashkin (27) and Svoboda & Block (35) and
references therein.
In general, the energy used to trap particles can be modeled as a harmonic potential well,
similar to a linear elastic spring, where the energy stored in the spring system is given by
spring 2 rp . Equation 1.1
where Ax is the distance from the center of the particle being trapped to the center of the trap,
and ktrap is the trap stiffness in units of force per unit length. This assumption simplifies the force
computation but it is only valid for small displacements from the center of the trap, usually
around 150 nm. Using the spring model, the force exerted by a laser trap on a particle can be
described as a linear relationship with the displacement Ax,
Ftrap = ktrap Ax Equation 1.2
There are different approaches for determining the trap stiffness which are described in detail in
Neuman & Block (36).
1.3.1 Instrument design
The combined optical tweezers and single molecule fluorescence instrument (Figure 1.2) is
based on a heavily modified inverted microscope (MVI, Avon, MA) and is similar to previously
proven arrangements (20). This device combines separate lasers for optical trapping (1064 nm,
Coherent, Santa Clara, CA), position detection (975 nm, Coming Lasertron, Bedford, MA), and
fluorescence excitation (532 nm, World Star Tech, Toronto, ON) through a base that has
improved mechanical stability, incorporated Nomarski optics, and a piezo electric stage (Physik
Instrumente, Auburn, MA). In addition, the arrangement includes a pair of computer-controlled
acousto-optic deflectors (AODs, IntraAction Corp., Bellwood, IL), which permit precise steering
of the trapping beam in two dimensions, and remote controlled flipper mirrors and shutters,
which facilitate rapid switching between bright field imaging (CCD camera, DAGE-MTI,
Michigan City, IN) and high sensitivity fluorescence detectors.
Figure 1.2. Optical layout of the instrument. All lenses, including the objective and condenser, are displayed as
light-blue ovals. Filters, mirrors, and dichroics are represented as white, silver, and gold-filled rectangles,
respectively. Trapping (red) and detection (orange) lasers, 1064 and 975 nm, respectively, are guided into the
objective and focused on the specimen plane to form an optical trap. The position of the trapped particle is
monitored by spectrally isolating and imaging the detection laser on a PSD. Total internal fluorescence excitation,
supplied by a 532-nm laser (green), is focused near the back pupil of the objective. Bright-field illumination is
provided by a mercury arc lamp (magenta), and images (blue) are collected by a CCD camera. Fluorescence images
(blue) are collected by an electron multiplying CCD (EMCCD), and single molecule fluorescence counts are
spatially filtered through a pinhole and acquired by an SAPD. The trapping and excitation lasers are modulated by
AODs controlled with an electronic mixer (Mxr) that combines a preamplified radio frequency AOD drive signal
with a square wave generated in a function generator.
Both the trapping and detection lasers are guided into the microscope objective (100X,
1.4NA, Nikon) via a dichroic mirror (Chroma Technology Corp., Rockingham, VT) that reflects
only near infrared light. The diameter of the trapping laser beam is adjusted with a telescope to
slightly overfill the objective pupil to ensure high efficiency trapping. After passing through the
microscope condenser lens, the detection beam is spectrally isolated (Andover Corp., Salem,
NH) from the trapping beam and imaged on a position sensitive device (PSD, Pacific Silicon,
Westlake Village, CA) for back focal plane detection (37). This optical tweezers arrangement
was calibrated using previously described procedures (35, 36) and was found to be capable of
trapping 500 nm radius polystyrene beads with a stiffness of approximately 0.1 pN/nm per 100
mW trapping laser power.
In addition to these force capabilities, the microscope is outfitted for objective-side total
internal reflection (TIR) fluorescence excitation and single molecule emission detection. The
excitation laser, which is controlled by an independent AOD (IntraAction Corp.), is guided
through a customized opto-mechanical system that replaces the microscope's fluorescence turret.
This modification, which allows for focusing and off-axis translation of the excitation laser along
the back focal plane of the objective, is set directly below the trap-steering dichroic mirror. It
consists of a filter cube (532 nm dichroic and 540 nm longpass filter, Chroma Technology Corp.)
and a KG5 filter (Schott Glass, Elmsford, NY) to reflect the excitation light into the sample,
transmit fluorescence emission, and efficiently block scattered or reflected light from the
excitation, trapping, and detection lasers. Transmitted fluorescence signals are imaged with
either an EMCCD intensified camera (Andor Technology, South Windsor, CT) or a photon-
counting silicon avalanche photodiode (SAPD, Perkin Elmer, Wellesly, MA), which collects
through a pinhole (ThorLabs, Newton, NJ) conjugate with the specimen plane, for the spatial
signal isolation from background and bead scattering signals, and a 628 nm dichroic mirror
(Chroma Technology Corp.), for similar spectral separation.
The instrument was also equipped with hardware in order to modulate the trapping and
fluorescence excitation laser. This application is discussed in detail in chapter 4.
1.4 Microrheology
Studies in vivo and in vitro have demonstrated that the actin cytoskeleton exhibit both elastic and
viscous properties, and as such, it is referred to as a viscoelastic material. Different ABPs can
organize the cytoskeleton in different structural arrangements that also determine the mechanical
response of the cytoskeleton. One approach used here to characterize the mechanical properties
of in vitro reconstituted F-actin networks with ABPs (chapter 3) is microrheology, which refers
to the study of deformation and flow of matter at the micron-scale.
Under dynamic stress, viscoelastic materials exhibit a nonlinear, time dependent behavior
captured by a= Ge, where a is the applied stress, e is the resulting strain and G, known as the
complex shear modulus, represents the material's resistance to deformation. The real part of
complex shear modulus, G' represents the ability of the material to store energy while the
imaginary part, G", represents the ability to dissipate energy. Using microrheology techniques
these properties can be probed at the micro-scale. Most microrheological methods rely on
temporal monitoring of microscopic particle displacements, permitting reduced sample sizes and
direct access to the properties that determine, but do not necessarily mirror, macroscopic
behavior. Microrheological techniques are further categorized as either passive, where the
thermal fluctuations of an embedded particle are monitored, or active, where an external force is
applied to an embedded particle to deform the medium while its response is monitored. In
chapter 3, we describe the use of optical tweezers microrheology to experimentally measure both
components of G(f) in reconstituted F-actin networks with passive and active techniques.
The noninvasive nature of optical tweezers force microscopy makes it an ideal approach
for studying the localized viscoelastic properties of solutions. In addition, because optical
tweezers can monitor or manipulate microscopic objects by exerting loads larger than thermal
forces, both passive and active microrheology can be approached with a single probe. For
example, optical tweezers can extend the principles of particle tracking microscopy (PTM) by
passively monitoring the motion of a trapped particle and relating it to the properties of the
surrounding material by using the generalized Stokes-Einstein equation (38-41). When an optical
trap is employed, the particle is physically held inside a detection zone, avoiding traditional PTM
complications associated with a freely diffusing particle exiting the field of view. Furthermore,
optical tweezers provides resolution of nanometer-level distortions and high frequency responses,
up to - 10 kHz, not accessible with PTM, which is typically limited to -10 Hz (42). With
traditional PTM methods, the locations of the particles are usually monitored using video
recording, thus limiting the spatial and temporal resolution of such measurements.
In addition to monitoring the motion of particles resulting from thermal forces, optical
tweezers can be used to exert forces or drag a trapped particle to mechanically deform the
embedding medium (43, 44). This active microrheology approach offers the potential of
measuring the high-deformation response of the material of interest, including elastic non-linear
behavior. Traditionally, magnetic tweezers have been used in active microrheology because they
can explore higher force levels than optical tweezers. However, optical tweezers are increasingly
finding new active microrheology applications because of their versatility and ability to precisely
position beads in locations of interest. In addition, optical tweezers can simultaneously
manipulate multiple beads whose surface chemistries can be easily modified, allowing for the
measurement of different interactions between the beads and the surrounding medium.
Several reports have used both passive or active optical tweezers microrheology to study
complex solutions, including suspensions of viruses (45), polymer hydrogels (46), and wormlike
micelles (47). In addition, optical tweezers have also found novel applications in rotational
microrheology (48, 49) and colloidal micromechanics (50, 51) and have been used to locally heat
regions of interest (49, 52). In chapter 3, we outline and extend both active and passive optical
tweezers approaches to study the behavior of in vitro F-actin networks organized by different
ABPs.
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Chapter 2: Measuring molecular rupture force between single
actin filaments and actin binding proteins
Actin binding proteins (ABPs) regulate the assembly of actin filaments (F-actin) into networks
and bundles that provide the structural integrity of the cell. Two of these ABPs, filamin and a-
actinin, have been extensively used to model the mechanical properties of actin networks grown
in vitro; however there is a lack in the understanding of how the molecular interactions between
ABPs and F-actin regulate the dynamic properties of the cytoskeleton. Here we present a novel,
physiologically-relevant assay to test the rupture force of a complex formed by an ABP linking
two actin filaments. We readily demonstrate the adaptability of this assay by testing it with two
different ABPs: filamin and a-actinin. We measured rupture forces of 28-73 pN and 30-56 pN
for filamin/actin and a-actinin/actin respectively, for loading rates between 4 and 35 pN/s,
suggesting that the former is a slightly stronger interaction. Moreover, since no ABP unfolding
events were observed, our results suggest that ABP unbinding may be a more relevant
mechanism than unfolding for the temporal regulation of the mechanical properties of the actin
cytoskeleton. With this modular, single molecule assay a wide range of ABP/actin interactions
can be studied in order to better understand cytoskeletal and cell dynamics.
2.1 Background
External mechanical forces and forces generated within the cell through actomyosin interactions
play a critical role in various cellular processes including migration, division, growth and
apoptosis (1). These forces are largely sustained by the cytoskeleton, which consists of an
organized structure of protein filaments. One of the major components of the cytoskeleton is
filamentous actin (F-actin), which in eukaryotic cells represents 1-10% of all protein content by
weight (1). In vivo, the organization of F-actin into higher-order structures is regulated by a wide
variety of actin binding proteins (ABPs) (2-6). Several of these ABPs, including filamin, a-
actinin, fimbrin, spectrin and dystrophin, have a conserved actin binding domain, but their
overall structure and function are quite different (2, 3, 6-10). For instance, cross-linking proteins,
such as filamin, promote the formation of a cortical load-bearing isotropic F-actin network near
the plasma membrane (8, 11-13). Conversely, bundling proteins, including a-actinin, form thick
F-actin cables that help in both maintaining the cell under a pre-stressed state (1, 14) and
generating protrusions at the leading edge of a migrating cell (9, 15). In addition, many of these
ABPs are also located at focal adhesion sites, anchoring the cytoskeleton to the extracellular
matrix (9, 15, 16). Since all of these ABP/actin structures are located along force transmission
pathways, it is important to understand how forces affect the molecular interactions and the role
that ABPs play in sustaining and regulating the mechanical behavior of the cell.
In order to understand the complex mechanical properties exhibited by the cell (17, 18),
the primary focus has been directed towards studies of reconstituted actin networks grown in
vitro in the presence or absence of ABPs (5, 12, 13, 19-24). For example, in one study, actin
networks crosslinked by filamin were shown to exhibit dramatically different mechanical
properties from networks formed by a-actinin (13). Since filamin and a-actinin share a similar
actin binding domain, this result suggests that the regulation of the actin cytoskeleton by the
ABPs may be governed not only by binding kinetics but also by the actual mechanical structure
of the ABP. Moreover, rheological measurements have shown that above some critical load, the
network displays substantial softening suggesting a major disruption of the actin network
possibly due to either filament rupture, filament buckling, unfolding of APBs or unbinding of
ABPs. Although these in vitro network studies provide valuable information about the general
behavior of the actin cytoskeleton, a more detailed description at a molecular level is required to
better understand how the cell regulates the cytoskeletal machinery.
Currently some suggest that the dynamic properties of the cytoskeleton are regulated by
unfolding of ABPs bound to F-actin (16, 25, 26), while others argue that these properties arise
from unbinding of ABPs from F-actin (22, 24). The first model implies that the forces required to
unfold the bound ABP have to be lower than the bond strength between the ABP and F-actin.
Previous atomic force microscopy (AFM) demonstrated that immunoglobulin-like (Ig)
subdomains of filamin unfold with forces -100 pN (16). The same group predicted with Monte
Carlo simulations that unfolding will occur before unbinding (26). Nonetheless, to our
knowledge, there are no force-induced unbinding experiments between filamin and F-actin to
directly support this prediction. Therefore, a single molecule experimental approach to study the
strength of the interactions between F-actin and ABPs can prove useful in characterizing the
origins of the mechanical properties of the cytoskeleton.
In vitro single molecule studies using optical tweezers force spectroscopy (OTFS)
provide the advantage of exploring a system of interest in an isolated environment in order to
characterize the forces implicated in molecular interactions. Pioneering work at the single actin
filament level used OTFS to characterize the unbinding force between F-actin and a-actinin (27),
and F-actin and myosin (28-30). While these studies provided the foundation for our single
filament experiments, their protein immobilization strategy would not accurately replicate
biological configurations. In those experiments, the ABPs were immobilized on a surface, which
can alter the native conformational state of the protein and affect the natural binding to F-actin
(27).
In this chapter, we introduce a more biologically relevant assay to examine the force
required to break the interaction of two actin filaments linked together by either filamin or a-
actinin using OTFS. We immobilized actin filaments on the surface of a flow channel,
introduced either filamin or a-actinin, and formed tethers with actin filaments bound to beads.
We performed force-induced unbinding experiments at different loading rates to better
characterize the dynamic behavior of these interactions. We then modeled our results with two
different theoretical descriptions (31, 32) to obtain estimates for the parameters describing the
molecular interactions including the intrinsic dissociation rate (ko0f), the transition distance
between the free energy minimum and the energy barrier (xt) and the height of this energy
barrier to rupture (AGt). Since we do not observe unfolding of the ABPs, we present
experimental evidence supporting the hypothesis that unbinding, and not unfolding, is the
relevant mechanism regulating the dynamic behavior of the cytoskeleton.
2.2 Materials and Methods
2.2.1 Protein preparation
Actin monomers (Cytoskeleton, Inc., Denver, CO) from rabbit skeletal muscle were diluted in
fresh G-buffer (5 mM Tris-HCl pH 8.0, 0.2 mM CaC12 , 0.5 DTT, 0.2 mM ATP, 0.01% (w/v)
NaN3) to 11 IgM and incubated on ice for one hour. For biotinylated filaments, a solution of 220
g.M non-labeled actin was mixed with an equal volume of 22 g.M biotinylated actin monomers
(Cytoskeleton, Inc.), diluted to 11 gM of total actin concentration in G-buffer and incubated on
ice for one hour. Actin polymerization, for both the non-labeled filaments and the biotinylated
filaments, was initiated by adding 1/10 th of the final volume of O1X F-buffer (50 mM Tris-HC1
pH 7.5, 500 mM KC1, 2 mM MgC12, 2 mM CaC12, 2 mM DTT, 5 mM ATP, 0.01% (w/v) NaN 3).
To label the filaments, 4 g.L of 66 g.M Alexa-Fluor 555 (Invitrogen, Carlsbad, CA) was mixed
with 10 gL of 10 gM actin and 88 jgL of IX F-buffer. Further dilutions of F-actin were done
using IX F-buffer.
Recombinant filamin-A was purified from Sf9 cell lysates (33) and recombinant human
gelsolin was produced in Escherichia coli (34) (both were a kind gift from Thomas Stossel and
Fumihiko Nakamura). Lyophilized rabbit skeletal muscle a-actinin was obtained from
Cytoskeleton, Inc. All proteins were stored in G-buffer at -80"C prior to use.
2.2.2 Bead preparation
1 Lpm carboxylated beads (Polysciences, Inc., Warrington, PA) were coated with gelsolin per
Suzuki et al (35) with the amount of protein modified to 260 jLg of bovine serum albumin (BSA),
40 gg of BSA conjugated with Alexa-Fluor 555, 50 gg of actin monomers and 50 gg of gelsolin.
The gelsolin-coated beads were stored in a rotator at 40C. Prior to use, 100 jtL of gelsolin coated
beads were diluted with 100 giL of storage buffer (25 mM imidazole-HC1, pH 7.4, 25 mM KC1, 4
mM MgC12, 0.1 mM CaCl 2, 0.1 mM ATP, 1 mM DTT, 0.04% (w/v) NaN 3) and washed four
times by centrifugation at 6,000 rpm for 4 minutes in a table-top centrifuge. After the last wash,
the beads were resuspended with 40 jgL of IX F-buffer and mixed with 2 gpL of 10 gLM F-actin
(non-biotinylated). The bead-F-actin solution was incubated overnight in a rotator at 4'C in the
dark. Under these conditions, we ensured that only one filament was bound per bead (Figure 2.1).
Figure 2.1. Single actin filament bound to a in was fluorescently labeled with rhodamine
phalloidin and the bead was labeled with BSA conjugated with Alexa-Fluor 555. Scale bar: 5 gm.
2.2.3 Sample preparation
The experimental flow chamber (25.8 mm x 8 mm x 0.1 mm) was built in-house from a
microscope slide and a KOH-etched coverslip held together by double-sided tape. The
experimental sample was prepared by sequential incubation of: 1) 2 mg/mL of BSA conjugated
with biotin in PBT (100 mM phosphate buffer, pH 7.5, 0.1% (v/v) Tween); 2) 0.1 mg/mL of
streptavidin in PBT; 3) 50 nM F-actin/biotin in lX F-buffer supplemented with 2 mg/mL of BSA
and 1% dextran (400 kDa; Sigma, St. Louis, MO); 4) 20 nM of filamin or a-actinin in IX F-
buffer with 2mg/mL BSA; and 5) 100-fold dilution of gelsolin beads bound to F-actin in lX F-
buffer with 2 mg/mL BSA. Each incubation step was performed for - 20 minutes in the dark in a
humidity-preserving chamber. After step 1 the flow chamber was washed with 100 gL of PBT
and after steps 2 through 4 it was washed with 100 gL of IX F-buffer with 2 mg/mL of BSA.
After step 5, the flow chamber was sealed with nail polish. About 30 tethers per field of view
were found throughout the -3 hours of experimental time.
To immobilize a-actinin directly on surface we introduced 100 nM of a-actinin in IX F-
buffer with 2 mg/mL of BSA and incubated it for 30 minutes. After washing the sample with 200
gL of IX F-buffer, we added 20 jgL of biotinylated actin incubated previously with streptavidin
coated beads. After a 30 minute incubation, we washed the sample with 200 gL of IX F-buffer
and sealed the flow cell with nail polish.
2.2.4 Instrumentation and data collection
Unbinding experiments were performed at room temperature in an instrument that combines
optical trapping and fluorescence microscopy, as described previously (36). A tethered bead was
captured with the optical trap and centered with an automated routine. Then, a dynamic load was
applied to the actin-ABP-actin linkage by moving a piezo-electric stage (Polytec PI, Auburn,
MA) at a constant speed while keeping the trap location stationary. The direction of the load was
parallel to the flow direction along the general orientation of the immobilized filaments on the
surface. Back-focal plane position detection (37) was employed to continuously track the
position of the bead until rupture from the surface was detected. Bead and stage positions were
recorded at either 20 Hz or 200 Hz. After rupture, each bead was position-calibrated and the
stiffness of the trap was determined using the variance method (38). Using the Stokes calibration
method (38), the optical trap was characterized to have a linear range of force versus
displacement for displacements up to - 130 nm from the center of the trap waist. For consistency,
any rupture the occurred at a displacement of the bead greater than 130 nm was discarded as the
rupture force became uncertain. Custom software (LabView; National Instruments, Autin, TX)
acquired all signals through a 16-bit A/D boad (National Instruments) and data analysis was
performed with Matlab (Mathworks, Natick, MA).
2.2.5 Model implementation
To estimate the parameters describing the molecular interactions of interests, we implemented
two models derived previously, one by Evans & Ritchie (31) and another one by Hummer &
Szabo (32). The equation describing the Evans & Ritchie models is given by
p(F)= k ex p fl Fx - e - Equation 2.1
where koff is the intrinsic dissociation rate at no load, P is the loading rate, 6f = kBT, with kB
Boltzmann's constant and T absolute temperature, and xt is the transition distance between the
free energy minimum and the energy barrier.
The rupture force probability distributions from the Hummer & Szabo model is given by
p(F) dt I iP& Fdt *= Equation 2.2
where S(t) is the survival probability of the system defined as
Se svxt-(cvt) 2/(2c) -1 Equation 2.3
where K, and Km are the effective spring constant of the pulling system and the molecular spring
constant, respectively, both divided by kBT, K = K, + Km and v is the pulling velocity. Note that
r,v/fl = F in equation 2.2. It is important to notice that by scaling with Pf, the harmonic spring
constants x,, /Km and x have units of inverse length squared. To simplify the expression of
equation 2.3 we define the following new variables:
A koe 2I(XA=
K)sVX* (m / K)2
B = Kvxt
Equation 2.4
Equation 2.5
Equation 2.6C )2
2Kc
In addition, with a simple algebraic manipulation of the expression for t* we get
, fFv + K,vx •  Fv + B
t 2 2S
After taking the time derivative of S(t) and substituting the newly defined
analytical expression for the probability distribution of rupture forces is given by
Equation 2.7
variables, the
Sv2  B(fFv + B) (Fv + B
p(F)= •j exp B 2 .
CV C 2 2 Equation 2.8
exp{-A[ [B(fFv+B) cf8Fv + B 2
exp 2 CS2
The force histograms were fit to equation 2.8 to obtain values for A, B and C and then using
equations 2.4, 2.5 and 2.6 we solved for ko, xt and icm.
The free-energy profile, in units of kBT, is obtained with
AG(x) = 2 kMn X X Equation 2.S
and the height of the energy barrier is given by AGI = I Km (x 1)2
2.2.6 Approximation of maximum stress from single molecule rupture forces
If we assume an isotropic F-actin network crosslinked by filamin and that the force is distributed
between four crosslinks with a characteristic size Lc, then the maximum stress that the network
can withstand is amax - 4Fmax/Lc2, where Fmax is the rupture force at each crosslink. Tharmann et
al (22) showed that for an isotropic network crosslinked with heavy meromyosin (HMM) in rigor
state, L4 ~ cc(4 2lp0.50.4, where cc is the concentration of crosslinker, 1, is the persistence length of
actin (-~16 gm) and ý is the mesh size, in micrometers, defined as 4= 0.3/ca0 .5 (39) and ca is the
actin concentration in units of mg/mL. The exponent y was estimated to be -0.4 for HMM and in
the absence of a better approximation, we used the same value of y to estimate Lc for networks
with filamin. Using ca = 12 gM, and cc - 0.12 gM (similar to those in Gardel et al (12)), we
estimate (max - 12-42 Pa for the rupture force range of 20-70 pN found here. This cmax compares
well with the one measured by Gardel et al of - 60 Pa under similar conditions.
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2.3 Results
2.3.1 Experimental assay
The assay developed consists of an ABP linking two actin filaments: one filament immobilized
on a coverslip surface and the other one tethered to a polystyrene bead that serves as a handle to
apply a load with an optical trap (Figure 2.2). Biotinylated F-actin in 1% (w/v) dextran was
immobilized on a streptavidin-coated surface of a flow channel (see Materials and Methods for
details). The use of dextran greatly enhanced the binding efficiency of the filaments to the
surface due to a depletion interaction that confines the F-actin into a thin layer just above the
surface (40). ABP, either filamin or a-actinin, was then introduced to the flow cell, followed by
the addition of pre-formed F-actin bound to gelsolin-coated beads (35). The tethers formed
where about 2-3 gLm long. By reducing the density of ABPs to nanomolar concentrations and
verifying that after each rupture event the force level dropped to zero, we are confident that one
single molecular interaction was probed per loading run.
z(
Figure 2.2. Schematic representation of the experimental assay. A tethered bead is captured with the optical trap and
the sample is moved relative to the trap until rupture occurs between the actin filaments and the actin binding protein
(filamin or a-actinin). The bottom filament is biotinylated and is immobilized on a streptavidin coated surface while
the top filament is tether on its barbed end to a gelsolin-coated bead. The arrow indicates the direction of the
movement of the piezo-stage relative to the trap.
The assay was interchangeable between filamin and a-actinin without need of
adjustments. This assay consistently produced -30 tethers per field of view (110 gm x 110 glm)
while control samples produced only -2-4 tethers per field of view. Control samples were tested
by systematic removal of either streptavidin, biotinylated F-actin or ABP to ensure that we were
probing the desired interaction. The few tethers found in control samples were weak (< 1 pN)
and could not sustain loads as they ruptured almost instantaneously after force application. To
test the strength of the filament-bead and the filament-surface interaction, we attached
biotinylated F-actin to the gelsolin-coated beads and immobilized the bead-bound filaments on a
surface coated with streptavidin. We found that these interactions could not be broken with the
maximum force exerted by the trap (-150 pN); thus demonstrating that during experiments
rupture most likely occurred at the filament-ABP-filament location.
2.3.2 Force-induced unbinding
We used OTFS to probe the interaction between F-actin and filamin or a-actinin. Briefly, 1 gm
beads tethered to F-actin were captured with a stationary optical trap (36) and then loaded by
moving the sample relative to the trap at a constant velocity with a piezo-electric stage along the
direction of immobilized filaments on the surface. To explore the effects of dynamic loading, the
pulling rate was varied from -5 pN/s to -38 pN/s by adjusting the trap stiffness and the velocity
of the stage. A typical force-induced rupture trace is shown in Figure 2.3. The loading rate was
experimentally obtained for each rupture event from the slope of a linear fit to the force versus
time trace (Figure 2.3, gray line) just before the break. For -60% of the pulling traces, we
observed multiple rupture events, ranging from two to six per pull, indicative of either
reattachment of the unbound filament or multiple binding locations along the filament. However,
in most of these cases, the bead returned to its baseline location after each break confirming
again that only one single molecule interaction was loaded at each pull (Figure 2.3, inset). For
these multiple unbinding traces, the characteristic distance between events is -2 gim.
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Figure 2.3. Rupture of a single o-actinin/actin bond. The bond shows a rupture at a force of -40 pN and a loading
rate of -23 pN/s as measured by the slope of the curve just before rupture (gray line). Inset: an example trace
showing two consecutive rupture events where the bead returns to its baseline after each break indicating that only
one bond is loaded at a time.
Results show that for both ao-actinin (n = 267) and filamin (n = 261), the rupture force
increased with loading rate (Figure 2.4 and Figure 2.6), a trend predicted by theoretical models
(31, 32) and observed in other molecular interactions (30, 41). For loading rates < 15 pN/s, the
ax-actinin/actin and filamin/actin interactions ruptured at similar forces (mean ± standard
deviation): 29.5 ± 11.5 pN (n = 123) and 28.2 ± 12.9 pN (n = 104) at 4.85 pN/s pulling rate, and
37.0 ± 10.7 pN (n = 55) and 34.5 ± 10.6 pN (n = 73) at 13.8 pN/s pulling rate. At higher pulling
rates, the most probable rupture force for the a-actinin/actin interaction is -25% lower than that
for the filamin/actin interaction: 48.8 ± 10.3 pN (n = 48) and 63.7 ± 11.9 pN (n = 42) at 22.7
pN/s pulling rate, and 55.8 ± 10.6 pN (n = 41) and 73.1 ± 10.7 pN (n = 42) at -35 pN/s pulling
rate. These data (Figure 2.4) suggest that, at least at higher loading rates, filamin crosslinks F-
actin with higher strength than a-actinin. In general, the rupture forces measured here are in the
same range as those recently reported for the myosin/actin interactions at similar loading rates
(30).
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Figure 2.4. Most probable force to rupture the a-actinin/actin (V, grey) and the filamin/actin interactions (0, black).
Error bars indicate standard deviation from the mean of loading rate (horizontal lines) and of rupture force (vertical
lines). Inset: free energy profile along the pulling coordinate obtained from Equation 2.9 (a-actinin/actin, grey;
filamin/actin, black). The free energy of rupture, AGI, is - 5 kBT for a-actinin and - 5.5 kjT for filamin.
To compare our results with a different protein immobilization strategy, we placed a-
actinin nonspecifically on a glass coverslip and measured a mean rupture force between a-
actinin and actin of 6.99 ± 4.40 pN for a loading rate of -5 pN/s (Figure 2.5). Clearly, a-actinin
is either weakly bound to the surface or the interaction with the surface is affecting its native
binding with F-actin. This finding confirms that selecting the proper immobilization scheme is an
important factor in the design of single molecule experiments.
Previously Furuike et al (16) reported forces of -100 pN to unfold the Ig-subdomains of
filamin at a loading rate of -2000 pN/s. From their data we estimated that unfolding forces
would extrapolate to -50 pN at our loading rates, assuming that force scales with the natural
logarithm of loading rate (31). However, in our experiments, even at relatively higher forces
(-100 pN), the force-extension plots showed only one clean break, instead of the typical
sawtooth footprint of unfolding events, though we had the spatial resolution (-1 nm) to resolve
each subdomain unfolding of -30 nm (16). However it is possible that during loading, the ABP
.; . . . . .. . .. . . . . . . . . . .
could go through small conformational changes that were not detected in our study. Our data
suggest that when the ABP forms a complex with two actin filaments, unbinding will occur
before unfolding of the ABP.
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Figure 2.5 Rupture force distribution between oa-actinin immobilized on surface and a single actin filament. The
loading rate is -5 pN/s and the rupture force is 6.99 + 4.40 pN.
2.3.3 Rupture force distributions and modeling
Two theoretical models have been applied here to appropriately fit the probability distribution of
rupture forces at various loading rates. These models provide estimates for the intrinsic
dissociation rate, koff, the transition distance from the free energy minimum to the rupture barrier,
xt, and the free energy of rupture, AGt (31, 32) (see section 2.2.5 for model details and
implementation). The first model, developed by Evan & Ritchie (31) and referred to here as ER,
has been widely used to describe single molecule, dynamic force spectroscopy data (30, 42). The
second model, recently developed by Hummer & Szabo (32) and referred here as HS, covers a
wider loading rate regime and provides an additional parameter describing a molecular spring
constant, kBTKm. This spring constant is used to approximate the free energy profile of a
molecular interaction (note that the spring constant has units of force per unit length; therefore K,,,
has units of inverse length squared, consistent with the notation in Hummer & Szabo (32)).
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Figure 2.6. Rupture force probability distributions for a-actinin/actin (A-D) and filamin/actin (E-H) interactions.
Loading rates are indicated in each plot. The most probable rupture forces for a-actinin are 29.5 + 11.5 pN (A), 37.0
± 10.7 pN (B), 48.8 ± 10.3 pN (C) and 55.8 ± 10.6 pN (D); for filamin are 28.2 ± 12.9 pN (E), 34.5 ± 10.6 pN (F),
63.7 ± 11.9 pN (G) and 73.1 ± 10.7 pN (H). The histograms were fit to either the ER (31) (blue lines: individual fits;
red lines: global fits) or the HS model (32) (black lines: individual fits; orange lines: global fits).
We first fit each loading rate rupture distribution for a given ABP/actin interaction to
obtained four different sets of individually fit parameters, which were then averaged. In addition,
we globally fit all the distributions for a given interaction to obtain an overall set of fit
parameters. The results are summarized in Table 2.1 and graphically represented in Figure 2.6.
Individual fits from both models (Figure 2.6, blue and black lines) readily capture the rupture
force distributions, showing goodness of fits, R2, > 0.88. Conversely, the global fits (Figure 2.6,
red and orange lines) do not capture the rupture force distributions for loading rates < 15 pN/s,
with R2 ~ 0.06-0.74, but improves at higher loading rates, > 15 pN/s, to 0.73-0.82. This could be
explained by the existence of two energy barriers to rupture, with each one dominant at different
loading rate regimes; whereas global fits assume a single energetic barrier for all loading rates. A
similar rate-dependent energy barrier behavior has been observed in other molecular systems (30,
43, 44). Nonetheless, the values for kff, xt and Km estimated with the global fits agree within -
25% with those obtained from individual fits. In addition, the kof estimated with the ER are
consistently higher than those estimated with the HS model; whereas, the opposite is observed
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with the fits to xý (Table 2.1). Nonetheless, the difference between the values estimated with both
models is within -50%. This result, combined with the comparable R2 values obtained from both
models, makes it difficult to establish a clear distinction among the ER and the HS models.
Table 2.1 Model parameters from individual and global fits
a-actinin
Model kff (1/s) x1 (nm) kBTKm (pN/nm)
ER, ind.* 0.103 ± 0.039 0.159 ± 0.061
ER, global1  0.088 ± 0.029 0.178 ± 0.033
HS, ind.* 0.083 ± 0.040 0.233 ± 0.099 855 ± 334
HS, global1  0.073 ± 0.044 0.240 ± 0.093 968 ± 207
filamin
Model koff(1/s) xt (nm) kBTKm (pN/nm)
ER, ind.* 0.073 ± 0.049 0.172 ± 0.052
ER, global1  0.064 ± 0.020 0.178 + 0.028
HS, ind.* 0.046 ± 0.039 0.299 + 0.093 534 ± 138
HS, global1  0.040 ± 0.012 0.370 + 0.056 400 + 76
mean from the individual fits ± standard deviation
§global fit value ± 95% confidence interval
In general, the results obtained for both ABPs interaction are fairly similar, with the fit
parameters within a factor of two between the two molecular bonds, consistent with the
observation that filamin and a-actinin possess similar actin binding domains. However, we
found that, independent of the model used, the filamin/actin interaction (kff- 0.040-0.073 s-1, xt
- 0.172-0.370 nm) appears to be somewhat stronger than the a-actinin/actin interaction (kff -
0.073-0.103 s-', x - 0.159-0.240 nm). Previously, the lifetime of the a-actinin/actin interaction
was found to be -20 s as measured by rupture under constant load (27), corresponding to kof
-0.05 s-', similar to the one found here. In contrast, bulk measurements with no load estimated a
value of koff for a-actinin and filamin of -0.4 s-1 and -0.6 s- ', respectively (45), corresponding to
a bond lifetime of -2.5 s. This bond lifetime is almost an order of magnitude shorter than that
recorded at the single molecule level. This discrepancy could be attributed to the restricted
unbinding reaction coordinate imposed by directional loads in single molecule experiments;
whereas with no load, the interaction is free to explore different unbinding trajectories.
From the HS model, the characteristic spring constant, ksT,,, describing the molecular
interactions was also obtained. The data suggest that the a-actinin/actin interaction is about 2
times stiffer (kBTK,, m 910 pN/nm) than the filamin/actin interaction (kBT,,, - 460 pN/nm); these
values are in the range of previously reported stiffnesses for other molecular interactions (32).
This finding agrees well with the fact that filamin is a longer (-160 nm), more flexible protein
(7) than the shorter (-30 nm), rod-like a-actinin (2). From the molecular spring constant, the free
energy profile along the pulling reaction coordinate, AG(x), is given by AG(x) = ½2K,,x2 , where x
represents the pulling coordinate, and AG(x) has units of kBT. The height of the free energy
barrier of rupture, AGt, is obtained by evaluating AG(x) at x = xI. For the a-actinin/actin
interaction AGt ~ 5 ksT and for the filamin/actin interaction AG - 5.5 kBT (Figure 2.4 inset),
indicating that more energy is required for the dissociation of the filamin/actin interaction.
2.4 Discussion
ABP/actin interactions are largely determined by the molecular structure of the ABP and its actin
binding site. The filamin dimer is a long, flexible molecule formed by the binding of its subunits
at their C-terminal domain, leaving two actin binding domains at their N-terminal exposed (8).
a-actinin, also a dimer, is formed by the anti-parallel arrangement of its subunits, leaving one
actin binding site exposed at each end, and a rigid central domain (2, 3). These exposed domains
of both filamin and a-actinin have calponin-homology (CH) actin binding sequences, which are
also common among other ABPs such as spectrin, dystrophin and fimbrin (2, 3, 6-10). In essence,
if the binding with actin is only regulated by this conserved sequence, these ABPs should have
similar binding kinetics as shown previously in bulk experiments (45). Our results show that at
loading rates < 15pN/s, filamin and a-actinin/actin interactions have comparable binding
strengths, consistent with the conserved actin binding sequence. However, at loading rates > 15
pN/s, we report rupture forces for the filamin/actin interaction that are 30% higher than those for
the o-actinin/actin interaction. Potentially, filamin, being a longer and more flexible protein, may
have a longer longitudinal relaxation timescale than the rigid a-actinin. At slow loading rates
both proteins can thermally equilibrate, but as the loading rate increases, the structure of filamin
can not fully reorganize, leading, in some way, to a stronger interaction.
It has been argued that the frequency-dependent mechanical properties of the actin
cytoskeleton are influenced by either ABP unfolding (16, 25, 26) or ABP unbinding (22). Here,
we directly measured the forces required to rupture the interaction of F-actin with two
structurally different ABPs. Our results present the first experimental evidence in favor of the
cytoskeletal regulation due to ABP unbinding instead of unfolding. From previous data at much
higher loading rates (16, 26), we extrapolated their unfolding forces to our loading rates and
estimated -50 pN for the Ig subdomains of filamin at the loading rates tested here. However, we
did not observe ABP unfolding events, which would be represented by a characteristic 30-nm
sawtooth pattern in a force-extension plot (16, 26). Further experiments to explore the unbinding
properties of the ABP/actin complex at higher loading rates than those reported here could help
explain this discrepancy.
In the current assay, rupture between the actin/ABP/actin interactions can occur at either
end where the ABP binds to actin or between the subunits of the ABP dimer. Although it would
be useful to know the exact location of rupture (upper or lower filament in Figure 2.2), the focus
of this study is to probe the complex as a whole independently of which is the weakest
interaction. We believe rupture is not likely to occur between the dimmers because in previous
AFM force-extension experiments with filamin, the dimerized protein was able to sustain forces
> 200 pN without rupturing (16). Thus, it is reasonable to assume that the dimer interactions in
an ABP are stronger those between the ABP and actin.
Previous experiments with reconstituted F-actin networks crosslinked with filamin
showed that these networks will rupture after a critical applied stress, max, of -1-60 Pa (12).
Using the scaling approximations from Tharmann et al (22) (see section 2.2.6) and our single
molecule most probable rupture forces measured here of 20 pN to 70 pN, we estimate ma, - 12-
42 Pa, in good agreement with the values reported earlier in bulk rheology. This finding provides
evidence of the importance of ABP unbinding in the regulation of the properties of the
cytoskeleton.
One factor that can influence the unbinding properties for molecular interactions is the
direction of the applied load (42, 46). The immobilized filaments on the surface are generally
aligned in the direction of the flow and we applied the load in the same direction and always
from the barbed end of the tethered filament (Figure 2.2). Here we measured the unbinding
properties along one reaction coordinate; however, other preferred reaction coordinates are
possible since filamin forms 900 crosslinks between filaments (8), while a-actinin arranges them
in parallel fashion (2). Our assay, combined with fluorescence labeling of proteins to identify
pulling directions, provides unique platform for a precise exploration of directional unbinding.
Global fits with the current theoretical models do not capture the rupture force
distributions for low loading rates for both the filamin/actin and a-actinin/actin interactions. One
possible explanation for this is that two different energy barriers exist, each being dominant in a
different regime of loading rates. Since both interactions show this phenomenon, this behavior
might be a general characteristic of the actin binding sequence shared by several ABPs. A similar
phenomenon has also been observed with the actin/myosin interaction (30) and other molecular
complexes (43, 44). A more detailed study of this phenomenon can further elucidate the
frequency-dependent behavior of the actin cytoskeleton. In addition, expansion of the molecular
theoretical models to incorporate several energy barriers at different loading rates can prove
useful in the analysis of experimental data obtained from complex molecular interactions.
By developing a novel, physiologically-relevant single molecule assay, we were able to
measure the forces required to rupture the molecular linkage between an ABP and two actin
filaments. We found that, at least for the a-actinin/actin interaction, the rupture force required
when a-actinin was immobilized directly onto the surface was much lower than the force
required for the current assay. It is possible the binding to two filaments instead of one can lead
to a more energetically favored conformational state of a-actinin, enhancing the stability of the
interaction. This leads to the speculation that the cell might use this mechanism to further
regulate the formation of F-actin structures at specific locations.
The general applicability of this assay was demonstrated by probing the interaction of
two structurally different ABPs with F-actin. With slight modifications, we envision that that this
assay can be readily implemented to study other important F-actin interactions such as those
regulating cell migration, division and focal adhesion formation. These studies can expand the
knowledgebase on the regulation and control of the cellular machinery starting from the
molecular building blocks.
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Chapter 3: Micro-scale characterization of reconstituted actin
networks
Filamentous actin (F-actin) organized by actin binding proteins (ABPs) is one of the major
structural components of the cell.; therefore the mechanical properties of F-actin networks play
important roles in cellular processes such as migration and division. However, there is no clear
understanding of the microscopic origin of F-actin network elasticity. In this chapter, we explore
the micro-scale properties of F-actin networks reconstituted in vitro in the presence of various
ABPs. Using imaging techniques we characterized the effects of different ABPs, including
gelsolin, filamin and a-actinin, on the structural arrangement of F-actin networks by controlling
the length of the filaments and the degree of crosslinking. Also, the mechanical properties of
these F-actin networks were probed passively and actively using optical tweezers. We found that
the length of the filament and presence of crosslinking protein affect the mechanical properties of
the network in a length-scale dependent manner. In addition, while similar elasticity was
observed when probed with the passive method and the active method at low strains, the F-actin
networks exhibited strain hardening up to 10% as the applied strain was increased to -120%,
followed by a gradual softening. The critical force at the onset of softening for networks formed
with filamin was -30 pN, in good agreement with the single molecule rupture force of 28-70 pN
presented in chapter 2. Combining the network studies with single molecule experiments can
help our understanding of the cell response to mechanical stimuli and can be also applicable to
characterize the dynamic behavior of various ABPs.
3.1 Background
Mechanical forces play an essential role in cellular processes such as motility, division and
apoptosis (1-3). These forces are mostly sustained by the cytoskeleton, which regulates the
mechanical response of the cell. The semi-flexible polymer actin (F-actin) is the most abundant
structural protein found in the cytoskeleton of eukaryotic cells, contributing about 1-10% of total
protein content by weight (1). The structural organization of F-actin in the cell is regulated by a
wide variety of actin binding proteins (ABPs). These ABPs assemble F-actin into two major
types of structures: crosslinked networks and thick bundles. The crosslinked networks form a
load bearing isotropic mesh near the plasma membrane, known as the cortex, and also form
dynamic sheet-like protrusions during cell migrations. The thick actin bundles expand along the
cell keeping it in a pre-stressed state (4) in order to sense the mechanical properties of the
extracellular matrix (ECM) surrounding it. Both of these F-actin structures are dynamic;
constantly remodeling in response to external and internal cues that activate a combination of
severing, capping, branching and polymerization enhancing proteins (1). Therefore,
understanding the origins of the mechanical properties of the cytoskeleton is a very important
step towards comprehending the mechanical behavior of the cell.
Cell level experiments using magnetic tweezers and particle tracking revealed that the
cytoskeleton exhibits both elastic and viscous features when stresses are applied (5-8); thus the
cytoskeleton is referred to as a viscoelastic material. However, at cell level studies it has been
difficult to accurately characterize the viscoelastic properties of the cytoskeleton due to the
active remodeling processes and the presence of organelles. To reduce the complexities
associated with in vivo studies, experiments with in vitro reconstituted F-actin networks have
proven to be an adequate approach to build models describing the viscoelastic behavior of the
cell (9-23). These studies have shown that the mechanical properties of the networks exhibit a
power-law behavior, that is, the modulus scales as f ' , where f is frequency and r is a
characteristic exponent, a similar behavior observed in cells. These in vitro studies characterized
the viscoelastic properties of F-actin networks in the presence and absence of ABPs, showing
that ABPs dramatically affect network behavior. Moreover, in the presence of the crosslinking
protein filamin, in vitro F-actin networks exhibit highly non-linear mechanical response due to
strain hardening, whereas strain hardening at much lesser degree was observed for networks
formed with a-actinin (10). Since filamin and a-actinin share a conserved actin binding domain
(24-26) and they exhibit similar rupture forces when bound to actin (chapter 2), the molecular
structure of each ABP is likely to have an important contribution to the viscoelastic properties of
the cytoskeleton (17).
For most in vitro F-actin network studies, there are two preferred experimental
approaches to measure the viscoelastic properties: passive microrheology and active bulk
rheology. In passive microrheology, the thermal fluctuations of one or multiple micron-size
embedded probes are recorded and, using standard procedures, the complex shear modulus,
G(f), is computed (12, 21, 27, 28). Using this method, the homogeneity of the network
microstructure can be characterized; however, because the probe motion is driven by thermal
energy, only small deformations are explored whereas large deformations, non-linear regimes are
inaccessible. In active bulk theology, a device, such as a cone plate rheometer, directly applies
stress or strain, usually oscillatory, to measure the response of the F-actin network as a function
of oscillation frequency. With this method, large strains can be exerted on the network, providing
access to non-linear regimes where strain hardening has been observed (10, 11, 13, 14, 29).
However, with bulk rheology the detail of microstructure reorganization is lost.
Optical tweezers-based microrheology provides the advantage of exploring both the small
and large deformation regimes of a viscoelastic material, while providing local microstructure
information. With optical tweezers, forces in the range of 0.1 to 100 pN can be readily applied
with nanometer resolution to particles in the size range of 0.5 to 10 gtm. In addition, the position
of the particle can be tracked at rates of -20 kHz, much higher than common methods such as
conventional video particle tracking which is limited to -30 Hz. Furthermore, the non-invasive
nature of optical tweezers makes it an ideal approach for studying localized viscoelastic
properties of F-actin networks with minimal sample disruption. Although this technique has been
used to explore the viscoelastic properties of other solutions (27, 30, 31), its application to study
F-actin networks has been surprisingly limited (18, 32).
In this chapter, we detail a methodology to explore the micro-scale properties of F-actin
networks reconstituted in vitro. The networks studied consisted of crosslinked filaments with
filamin, and bundled filaments with ao-actinin, while the length of the filaments was regulated
with the severing and capping protein gelsolin. Using confocal microscopy and total internal
reflection fluorescence microscopy (TIRFM), the microstructure of the network was
characterized. We also examined both the small and large deformation regimes of F-actin
networks using passive and active microrheology with optical tweezers. The results show a
length-scale dependence on the mechanical properties as measured with different probe sizes.
We also found that at large strains, the networks exhibited stain hardening, indicated by an
increase in the shear modulus, followed by a softening phase at force levels similar to the single
molecule rupture forces described in chapter 2. These findings support the hypothesis that
network mechanics are regulated in part by the unbinding of ABPs.
3.2 Materials and Methods
3.2.1 Preparation of PEG coated beads
1-gm and 2-[Gm diameter, amino functionalized beads (2.73% solids, Polybead Amino
Microspheres, Polysciences, Warrington, PA) were coated with mPEG-NHS (5 kDa; Nektar, San
Carlos, CA) as follows': 40 p.L of stock beads were diluted with 200 pL of dionized water. The
bead solution was spun down for 10 minutes at 3000 rpm in a benchtop centrifuge. The
supernatant was removed and the bead pellet was resuspended with 200 jtL of methanol. The
bead solution was again spun down as described above. The supernatant was removed and the
bead pellet was resuspended with 200 jtL of 10 mg/mL PEG-NHS (diluted in one part DMSO,
four parts methanol). After gently mixing the bead solution for two hours at room temperature,
the beads were stored at 40 C with continuous rotation to prevent sedimentation. The beads were
used within 6 months after preparation. PEG-coated beads have been shown to prevent protein
absorption (49); therefore the beads will not directly interact with the network.
3.2.2 Reconstituted in vitro networks
Lyophilized actin monomers and lyophilized a-actinin both from rabbit skeletal muscle were
purchased from Cytsokeleton, Inc (Denver, CO). Recombinant filamin-A was purified from Sf9
cell lysates (33) and recombinant human gelsolin was produced in Escherichia coli (34). Actin
monomers were diluted in fresh G-buffer (5 mM Tris-HC1, 0.2 mM CaC12, 0.5 DTT, 0.2 mM
ATP, pH 8.0) and incubated on ice for at least one hour. Gelsolin, filamin or a-actinin were
gently mixed with the actin monomer, followed by the addition of PEG-coated beads diluted in
G-buffer. Actin polymerization was initiated by adding 1/10 th of the final volume of F-buffer (50
mM Tris-HC1, pH 7.5, 500 mM KC1, 2 mM MgC12, 2 mM CaC12, 2 mM DTT, 5 mM ATP,
0.01% (w/v) NaN 3). The sample was gently mixed for -10 seconds and immediately introduced
into an in-house built flow chamber, with typical dimensions of 25.8 mm x 8 mm x 0.1 mm (-20
giL). The degree of crosslinking was varied by adjusting the molar concentration of filamin or xa-
1 The author gratefully acknowledges Eric Krauland for kindly sharing the protocol to coat beads with poly(ethylene
glycol) (PEG).
actinin relative to actin, Rf and Ra respectively, and the length of the filament was controlled with
the concentration of gelsolin relative to actin, Rg. The mesh size of the network, J, is estimated
by •= 0.3/ca0 5 (35), where ca is the actin concentration in mg/mL and ý is in micrometers.
For confocal imaging, the above procedure was followed, but we added either rhodamine
phalloidin or Alexa-Fluor 488 phalloidin to fluorescently label the filaments at a ratio of 1 mole
of dye per 15 moles of actin monomers. In other cases the filament was labeled by polymerizing
regular actin monomers with Alexa-Fluor 488 labeled monomers at a molar ratio of 15:1. These
samples were imaged using a spinning disk confocal microscope (Axiovert 200M; Carl Zeiss
Microlmaging, Inc., Thomwood, NY) and an inverted microscope equipped with objective-side
total internal reflection fluorescence microscopy (36). Images were analyzed using Imaris
(Bitplane, Inc., Saint Paul, MN) and Matlab (Mathworks, Natick, MA). The pore size for the
networks was estimated by measuring the distance between intensity peaks using custom
software developed in Matlab.
3.2.3 Instrumentation
Optical tweezers-based microrheology was performed in an instrument described previously (36)
and outlined in chapter 1. Briefly, a high numerical aperture objective (100X, 1.40 NA, oil IR;
Nikon, Tokyo, Japan) tightly focuses a 1064-nm laser (Coherent, Santa Clara, CA) at the
specimen plane for optical trapping. The trap location at the specimen plane was computer-
controlled with a pair of orthogonally oriented acousto-optic deflectors (AODs, Intra-Action,
Bellwood, IL) and sample positioning was controlled with a piezo-stage (Polyteck PI, Auburn,
MA) with nanometer resolution. The combination of a 975 nm laser (Coming, Coming, NY),
and a position sensitive device (PSD, Pacific Silicon, West Lake Village, CA) was employed for
back-focal plane position detection (37). The 975-nm laser was operated at -0.1 mW such that it
formed a negligible trap with respect to the 1064-nm laser (operated between 5-100 mW). The
detection zone consisted of a circular area with radius of -250 nm for 1 um beads and -500 nm
for 2 pm beads. To track the position of the trapping laser, a small leakage from the dichroic
below the objective was imaged into a second PSD. The output voltages from both PSDs were
collected by an A/D board (National Instruments, Austin, TX) and custom software (LabView,
National Instruments) was developed to automate experimental runs and data acquisition. Data
analysis was performed using software written in MATLAB (Mathworks).
Once the sample was loaded on the microscope, single beads were found and centered
about the detection zone with an automated routine. After the experimental runs (see below), the
position of the bead was calibrated as described previously (38). The trap stiffness was
characterize with free beads in buffer at different laser powers using standard calibration
procedures, including variance and stokes methods (39). Using the Stokes calibration method
(39), the optical trap was found to have a linear range of force (F = k,,p -xbead) for displacements
up to -130 nm from the center of the trap waist for 1-gm beads.
3.2.4 Passive microrheology
Using the position detection system, the thermal motion of an embedded bead, either 1 gm or 2
gm in diameter, was recorded at 50 kHz for - 42 seconds (221 points). The frequency-dependent
complex shear modulus, G(f), from the generalized Stokes-Einstein relation, the fluctuation-
dissipation theorem and the Kramers-Kroning relation as described previously (27, 32) and
outlined below.
The generalized Stokes-Einstein equation relates the complex shear modulus G(f)of a
viscoelastic medium to its complex compliance a(f) by
G(f)= I Equation 3.16mrac(f)
where a is the probe radius andf is the frequency. The complex modulus is usually expressed as
G(f) = G'(f)+ iG"(f) where G' and G" are the elastic and loss moduli respectively. In equation
(1), the complex compliance a(f) represents the response function for the displacement of a
bead embedded in a viscoelastic medium. From the fluctuation-dissipation theorem the power
spectral density, P,(f), of a bead thermal motion is related to the imaginary component of the
complex compliance, a"(f), by
a" ( 2kT) = Equation 3.22k, T
where kB is the Boltzmann's constant, T is the temperature of the medium and
P,(f) = lim 2 (f)bead(t)e2 i2 t  Equation 3.3
T--O T T--* T
where the integral represents the Fourier transform of xbead(t). Finally, the Kramers-Kroning
relation can be used to obtain the real component of the complex compliance a'(f) by successive
sine and cosine transforms of a"(f)
a' (f) = 4 dt cos(2ft) dra"' (f )sin(27rt). Equation 3.4
0 0
Once the complex response function is obtained from Equation 3.2 and Equation 3.4, the
complex modulus can be computed from Equation 3.1.
For the samples probed here, the pore size of the F-actin networks was stiff enough to
keep the thermal fluctuations of the bead inside our position detection zone of -250 nm for a 1-
gm bead and -500 nm for a 2-tim bead. However, for samples with where the thermal
fluctuations of the bead are large, this technique can be applied by using a relatively weak trap to
confine the bead inside the position detection zone. For these samples, the storage modulus
measured includes contributions from both the matrix and the trap and the matrix storage
modulus is estimated by (27),
G' (f)= G',, (f) krap Equation 3.5
6ra
where ktrap is the stiffness of the trap.
This approach was implemented using numerical methods developed in Matlab. Due to
the finite duration of the time trace and thus, the finite frequency range, edge effects become
evident from the discrete calculation of the integrals in Equation 3.3 and Equation 3.4 leading to
artifacts on the calculation of G(f) at the low and high frequency limits. We therefore truncate
G(f) to a frequency range where edge effects are minimal, usually between 0.05 Hz and 5 kHz.
3.2.5 Active microrheology
The local response of an F-actin matrix was probed by moving the optical trap in a sinusoid
using the AODs and monitoring the position of both the trap and the bead (1-gm or 2-Gm)
simultaneously. The amplitude of the trap motion was set to 400 nm peak-to-peak for
frequencies of 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz and 10 Hz. We fit both the position of the trap, xtrap,
and the position of the bead, Xbead, to sinusoidal functions in the form of A sin(2ft - 9), where t
is time,f is frequency of the input sinusoidal function and 0 is the phase of each signal. The force
exerted on the matrix was computed using
F(t) = ktrap [trap (t) - Xbead (t)]. Equation 3.6
Since the deformation of the network, is also given by Xbead, we compute the complex shear
modulus for a given frequency with
G(f)= e)  f (f) [cos[AO(f )]+ isin[AO(f)]] Equation 3.76 i-bead (f ) 6ffambead (f)
where F is the amplitude of the force, xbead is the amplitude of the bead response and AO is the
phase angle between the F(t) and xbead(t).
To apply large local strains to the F-actin matrix, the bead was captured with a stiffer,
stationary trap and the sample was oscillated with the piezo-stage in a sinusoidal fashion with
peak-to-peak amplitudes that ranged from 200 nm to 3.5 gLm at a frequency of 10 Hz. The
positions of the bead and the piezo-stage were acquired at 200 Hz. The position of the stage,
xstage, and Xbead relative to the center of the trap were fit to sinusoidal functions as described
above. In this case, the force exerted on the bead is F(t)= ktrap xbead (t), and the deformation is
given by xd (t)= Xstage(t) - Xbead (t) . The complex modulus is then given by Equation 3.7 but
replacing Xbead with xd and AO is the phase difference between the stage motion and the bead
response.
3.3 Results
3.3.1 Effects of filament contour length in micro-scale properties of F-actin networks
In vitro, F-actin polymerizes to contour lengths, L, of about 2 to 70 glm, with a mean length of
-20 pm (40, 41); however, under physiological conditions, the cell uses capping, severing and
sequestering proteins to keep the contour length of F-actin at 0.5-2 pm (42, 43). Here, we formed
reconstituted F-actin networks crosslinked with filamin and adjusted the contour length to L = 2
p.m with the addition of gelsolin at a molar ratio, Rg, of 0.001 relative to the actin concentration,
ca (44). We investigated the effects of filament length on the network microstructure by imaging
with TIRFM and confocal imaging (Figure 3.1). Actin was polymerized at ca = 10 gM and Rf=
0.01. With Rg = 0.001, the filaments were clearly shorter than without gelsolin as imaged with
TIRFM (Figure 3.1 A and B). Also, recorded movies showed fewer fluctuations of the filaments
for networks without gelsolin. In addition, the TIRFM images show points of either F-actin
entanglements or crosslinks when no gelsolin is present, whereas, with gelsolin those are
difficult to identify. Confocal images (Figure 3.1 C and D) show a clearer picture of the network
microstructure. The pores size, estimated by the distance between intensity peaks from confocal
images (12), was 0.635 ± 0.430 gpm and 562 ± 356 pm for networks without and with gelsolin
respectively; however these differences appear to be very subtle and are need of a more detailed
study to better define the contribution of filament length to the network microstructure.
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Figure 3.1. Effect of filament length on microstructure of F-actin networks. Networks were formed (A, C) with no
gelsolin and (B, D) with gelsolin at Rg = 0.001. Panels A and B were imaged with TIRFM and panels C and D were
imaged with confocal microscopy. The pore size was estimated (E) without gelsolin from panel C, and (F) with
gelsolin from panel D, from the distance between intensity peaks. Polymerization conditions: ca = 10 p.M where
every tenth monomer was labeled with Alexa-Fluor 488, Rf= 0.01. Top scale bar on panels A and B: 5pm.
Using laser based-single particle tracking we monitored the fluctuations of embedded
particles to passively measure the frequency-dependent viscoelastic properties of F-actin
networks in the presence or absence of gelsolin for a range of frequencies over 4 decades. The F-
actin networks were reconstituted under the same conditions as those used for fluorescence
microscopy: ca = 10 gLM, Rf= 0.01, with an estimated mesh size of 0.5 ipm. We added gelsolin to
shorten the filaments from a contour length of L = 20 gim to L - 2 •im, and we used probes with
radii of a = 0.5 jpm and 1 pnm. The size of the probes were chosen such that we can explore the
response of the network on the mesh size scale and the filament length scale. Results show that
the measured network properties seem to be sensitive to the size of the probe used. When probed
with L >> 4•- a = 0.5 gim, the storage modulus, G', and the loss modulus, G", are 2 to 3 times
higher than those measured with L/4 = ý= a, for all the frequency range explored (Figure 3.2 A
and B, open and closed circles). The networks with L >> 2 = a = 1 gm exhibit a higher G' forf
< 1 Hz, similar for 1 Hz < f< 300 Hz, and lower for f> 300 Hz when compared to the G' from
networks with L/2 = 24 = a (Figure 3.2 A and B, open and closed inverted triangles). We also
found that the storage moduli measured with a = 0.5 ipm are 3-4 times higher than those
measured with a = 1 Lm when compared to their respective filament length conditions. In
addition, we observed that G" is fairly insensitive to filament length when probed with a = 1 pm
and agrees well with that measured with a = 0.5 jim and L = 2 jm (Figure 3.2 B). At high
frequencies, G"- f0.8 5 except for G" measured with L >> a = 1 pjm, where it scales as f0.75 . In
contrast, G' appears to have a long transition from its plateau modulus, Go', which may indicate
that the network elasticity has not fully developed power law scaling at frequencies - 4 kHz.
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Figure 3.2. Effect of filament length on viscoelasticity of F-actin networks crosslinked with filamin. Laser-based
single particle was used to estimate (A) the storage modulus, G', and (B) the loss modulus, G", with probe of radii of
a = 0.5 im (circles) and a = 1 gm (inverted triangles) for F-actin networks formed with filaments of average contour
lengths ofL = 20 jtm (open symbols) and L = 2 ýim (closed symbols). In panel B, solid line indicates G _/.85 and
dashed line indicates G _.75. Polymerization conditions: ca = 10 jM, RU= 0.01, ý= 0.5 im.
Using optical tweezers active microrheology, we also explored the response of F-actin
networks to a localized stress as a function of filament length. An embedded probe was captured
with the optical trap, and the trap was oscillated with peak-to-peak amplitude, Ap, of 400 nm at
frequencies of 0.1-10 Hz, in order to impose network deformations, xd in the order of Ap,/2. In
general, the G' and G" measured with the active method matched very well the viscoelastic
properties measured with the passive method (Figure 3.3). However, we saw a drop in G" when
measured with the active method for a = 0.5 gm, which has been difficult to characterize (Figure
3.3 D). For the frequency range of 0.1-10 Hz, the storage modulus exhibits a plateau, Go', for all
the conditions tested (Figure 3.3 A and C). In summary, for both passive and active methods,
G005,20 > G00 5,2 = G0 1,20 > G01, 20 , where the superscripts 0.5 and 1 refer to the probe radius in
microns, and 2 and 20 refer to the contour length of the filaments forming the networks, also in
microns. Since the passive and active measurements show a similar magnitude for all the
conditions tested, no strain hardening has yet occurred for the applied deformations of xd = 200
nm. Because the mesh size is -500 nm, the deformations applied here might not be enough to
2 .•2
produce considerable entropic stretching of the network. The effects of imposing a large strain
locally to the network are explored in section 3.3.3.
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Figure 3.3. Passive and active microrheology for F-actin networks. For L = 20 jim, (A) G' and (B) G" were
measured passively (open symbols) and actively (closed symbols) using particles with radius a = 0.5 jim (circles)
and a - 1 jm (inverted triangles). With L = 2 gm, (C) G' and (D) G" were also measured (same symbols as above).
Polymerization conditions: c, = 10 [tM, Rf= 0.01.
3.3.2 Effects of APB concentration on micro-scale properties of F-actin networks
Filamin, a crosslinker, and a-actinin, a bundler, were used to explore the effects of ABPs on
properties of F-actin networks. Actin was polymerized at ca = 10 LM while we vary the molar
ratio of filamin, Rj , from 0.0001 to 0.01 or the molar ratio of o-actinin, R,, from 0.1 to 0.5. The
actin filaments were labeled with rhodamine phalloidin and imaged using confocal microscopy
(Figure 3.4). For networks formed with filamin at R- = 0.0001, the filaments tend to cluster,
forming voids with sizes of 4.0 ± 2.2 gLm (mean ± standard deviation), a result not expected as it
was predicted a mesh size, ý, of-0.5 gim at ca = 10 gM (35). For Rj= 0.001, = - 0.515 ± 0.300
C
gm and for Rf= 0.01, ý = 0.635 ± 0.430 gm. The similarity between the mesh sizes for Rf =
0.001 and Rf = 0.01 confirmed the crosslinking behavior of filamin because the mesh size is
mostly determined by the concentration of actin as long as the ABD does not bundle the
filaments (12). F-actin networks with Rf = 0.1 (not shown) formed extensive filament
aggregations and showed a large degree of heterogeneity throughout the whole sample and were
not considered in our study. We also found spatial heterogeneities on active microrheology
measurements for Rf = 0.04 as we observed larger variations in G' from bead to bead when
compared to Rf - 0.01 (Figure 3.5). However the data show an increase of -10-fold in the
average G' as the concentration of filamin increased 4-fold. We suspect a network structural
transition between Rf - 0.01 and Rf = 0.1 where high molar ratios of filamin may induce
clustering of F-actin.
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Figure 3.4. Confocal images of reconstituted F-actin networks with filamin and a-actinin. Networks were formed
with either filamin at (A) Rf = 0.0001, (B) Rf= 0.001, and (C) Rf= 0.01, or a-actinin at (D) Ra = 0.1, (E) Rf= 0.2,
and (F) Rf= 0.5. Polymerization conditions: c, = 10 gM. Scale bar (yellow): 10 gm.
Networks formed with o-actinin exhibited increasing mesh sizes of 0.694 ± 0.552 jim,
0.755 ± 0.604 gm and 1.95 ± 2.08 gm, as Ra was increased from 0.1 to 0.2 and 0.5, respectively.
Since a-actinin bundles the filaments, as the concentration of a-actinin is increased, the bundles
will increase in thickness; therefore, the distance between two bundles must increase. Thus, for a
bundling protein, the mesh size is regulated not only by the concentration of actin but also by the
degree of filament bundling. A similar behavior has been observed in bundled F-actin networks
with scruin (12).
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Figure 3.5. Effect of filamin concentration on storage modulus of F-actin networks. The molar ratio Rf was varied
from (A) 0.01 to (B) 0.04. Gray lines are individual measurements (9 different beads) and black lines are averages.
Notice how the network homogeneity reduces and the average G' increases an order of magnitude as Rf is increased
4-fold. Experimental conditions: ca = 10 pM, no gelsolin, a = 2 pm, and Ap = 400 nm.
3.3.3 Microscopic strain hardening and softening of F-actin networks at high strains
Crosslinked F-actin networks exhibit linear viscoelasticity until a critical applied stress, ac, is
exceeded, at which strain hardening is observed. Strain hardening progresses up to a maximum
stress level, Gma, where substantial softening of the network is observed (10, 11, 13, 17, 45, 46).
Most of such observations have been made using bulk rheology; therefore there is still much to
explore at the microscopic level. To address this, we used optical tweezers to capture an
embedded particle (a = 0.5 pm) while moving the sample relative to the trap to impose large
local strains. The stage was moved in a sinusoid with peak-to-peak amplitudes of 0.4-3.5 Pm at a
frequency of 10 Hz. For convenience, we define the local strain of the network as y= xd/a, where
Xd is the magnitude of deformation of the network. From the force exerted on the bead, F, and xd,
G' was computed (see section 3.2.5). In section 3.3.1 we found that for xd = 200 nm, active
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microrheology matched the results from passive microrheology (Figure 3.3), and no strain
hardening was observed. Here, as we applied larger deformations using a piezo-stage, the
mechanical properties of the F-actin network display three different regions (as measured by the
plateau storage modulus Go'): strain hardening, a plateau of maximum storage modulus and
strain softening (Figure 3.6). In the strain hardening phase, Go' increased -19% at y= 100%
(Figure 3.6 A) and F = 15 pN (Figure 3.6 B). In the plateau phase, which ranged from y= 100%
to y= 170% and F = 15 pN to F = 28 pN, the network recovers its linear elasticity properties;
that is, no strain hardening or softening is noticeable. For y> 170% and F > 28 pN, Go' exhibits
substantial softening, dropping below its initial value for y> 280% and F > 36 pN. The forces at
which most of the network softening is observed are in the same range as the forces measured to
rupture a single molecule interaction between F-actin and filamin of 20-70 pN (see chapter 2).
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Figure 3.6. Strain hardening followed by softening of microstructure at large deformations. Deformations were
applied by moving the piezo-electric stage relative to a trapped bead at a frequency of 10 Hz. Strain hardening was
quantified by normalizing the plateau storage modulus Go' with its value at lowest applied deformation. (A) The F-
actin network exhibits strain hardening up to -19% as the strain (or normalized deformation) increases to 120%,
followed by softening for strains > 180%. (B) Same as in panel A but plotted against applied force. Strain hardening
is observed up to forces -26 pN, while at forces > 30 pN, the network exhibits a pronounced softening. This
softening force agrees well with the single molecule unbinding forces of 20-70 pN found in chapter 2. Insets:
response measured for 8 different beads.
3.4 Discussion
In the previous sections of this chapter, we describe methods to explore the effects of different
actin binding proteins on the microstructure and mechanical properties of in vitro reconstituted
F-actin networks. Gelsolin, a potent severing and capping protein, was used to control the
contour length of actin filaments to -2 gm. Filamin, an actin crosslinker that forms 900 junctions,
was used to form isotropic meshworks. a-actinin, another F-actin crosslinker that arranges the
filaments in a parallel fashion, was used to create networks with some degree of bundling. We
used microrheology measurements combined with imaging techniques to relate the mechanical
properties of the networks formed with these proteins with the microstructure organization
exhibited by such networks.
Previously, it was observed that for a purely entangled F-actin network, G' and G" had
almost no dependence on the length of the filament when probed with single particle tracking
microrheology, but showed dependency on length when probed with two particle tracking (47).
In contrast, our data show that for crosslinked networks the effects of filament length also
depend on the probe size used to capture the network response. When a probe with radius a Z ý is
used, the filament length affects the measured G' and G". When a z 24, the filament length has
almost no effect on G' and G", except at low frequencies, where the plateau modulus Go' is 3
times higher for L z 20 ýpm than for L z 2 ýpm. If we consider the crosslinked network an
ensemble of thermally fluctuating polymers, the plateau modulus is estimated by (40, 47, 48)
Go* - 3 Equation 3.8
kTg2 LC3
where x is the bending modulus of the filament, kB is Boltzmann's constant, T is the absolute
temperature and Lc is the characteristic distance between crosslinked points. If we assume
networks with filamin are mostly crosslinked with negligible bundling, then n and ý should not
change with filament length (12, 35, 47), as confirmed by our confocal images (Figure 3.1).
Therefore, reducing the filament length of a crosslinked network is mostly affecting Lc. Likely,
for shorter filaments it is more difficult to find another filament to form a "closed" meshwork,
effectively increasing L,. A graphical representation of this effect is shown in Figure 3.7. Our
results show that for a 10-fold decrease in L, Go' decreases 2-fold which implies a 25% increase
in L, according to the scaling approximation (Equation 3.8). Thus, it seems that the dependence
of L, on L is relatively weak, since a 10-fold change in L only affects L, by 25%.
Figure 3.7. Proposed model for network formation with short actin filaments. (A) With short filaments, networks
may form incomplete loop and disconnected branches that reduces the stiffness and effectively increases the
crosslinking distance. (B) With long filaments, the loops formed by the meshwork are closed, enhancing the
stiffness of the networks.
We also observed that the network appears to be ~3 times stiffer when probed with a =
than with a = 24. Previously, it was shown that the surface chemistry of the probe can affect
particle tracking measurements (49). Here we coated our probes with poly(ethylene glycol)
(PEG) which is more resistant to protein absorption than other surface chemistry strategies (49).
Thus, the differences found in G' and G" between probe sizes is not related to direct coupling to
of the probe to individual filaments. When a = 1 gm, we observed a power law of G"~- f0.85 for L
2 and 20 gm, indicating that the local environment is closer to a Newtonian fluid than a scaling
of the G"~ f0.75observed with a = 1 im and L z 20 gm. Likely, a relatively large depletion zone
is created around the larger probe due to filament repulsion or steric hindrance of network
formation in close proximity of the bead. Thus the fluctuations of the larger bead may probe
more the surrounding fluid than the elasticity of the network.
When the concentration and type of ABP was varied, we observed different structural
arrangements developing in F-actin networks. For crosslinked networks with filamin, increasing
the filamin molar ration from 0.001 to 0.01 had no effect on pore size. In this case the pore size
is determined by the degree of entanglement, which is solely controlled by F-actin concentration.
By increasing the relative concentration of filamin, the characteristic distance between crosslinks,
Lc, is reduced, which, according to Equation 3.8, increases the stiffness of the matrix. This was
experimentally confirmed as networks with Rf= 0.04 exhibit a larger Go' than networks with Rf--
0.01. For networks formed with a bundler, such as a-actinin, increasing the concentration of the
ABP relative to actin will tend to form thicker bundles, thus increasing the pore size, as shown in
our confocal images and pore size characterization. For a-actinin, there seems to be a
pronounced transition of network arrangement between Ra = 0.2 and 0.5 where thick bundles and
a very heterogeneous matrix is formed.
With active microrheology we investigated the local response of F-actin networks
crosslinked with filamin to an applied load. In order to compare with bulk rheology experiments
we define the applied strain as y =-xd/a, and we estimate the applied stress as the force exerted on
the particle divided by the projected area of the probe, -= F/Ira2 . For xd ~ 4, we estimate y =
17% and a = 0.3 Pa, and under this conditions no strain hardening was observed. In bulk
measurements, these values where found to be just at the limit before the onset of strain
hardening observed on networks polymerized under the same conditions (17). As the strain was
increase, we observed strain hardening as measured by an increase in Go' up to 19%; however it
is much less than the 40-fold strengthening observed in bulk rheology (17). We also estimate the
maximum stress before network softening at ma,,x 40 Pa, which is good agreement with a•mx =
60 Pa measured in bulk (17). Interestingly, we found that the maximum strain before softening
Ymax = 170% is 3 times higher than ymax = 60% strain measured in bulk (17). Likely the large
strain observed locally can be attributed to the bead initially moving along a slightly different
path with less resistance than the direction of the applied strain and eventual rupture along that
path. This would result in unusually high strains when compared to bulk measurements while the
stresses would be at a similar level as in bulk. Also, since Go' - y/7, the relatively large local
strains may contribute to the difference in magnitude of strain hardening measured between
active microrheology and bulk rheology. It is also possible that if L, >> j: = a, locally there is
more contribution from filament entanglement than filament crosslinking, while in large scale
bulk rheology, filament crosslinking might bear most of the load.
Our microrheology results show that the force level at which the network starts to soften
(-30 pN) are in well agreement with the rupture forces measured at the single molecule level of
20-70 pN (see chapter 2). The combination of these two findings suggests that unbinding
between filamin and F-actin, instead of filamin unfolding, regulates the maximum stainable
forces by the cytoskeleton. With further single molecule and network studies with other ABPs,
we can better understand how the cell uses a variety of cytoplasmic proteins to regulate the
mechanical properties of the cytoskeleton.
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Chapter 4: Developments on technology combining optical
tweezers and single molecule fluorescence microscopy
4.1 Background
Techniques for single molecule studies have become an important tool to explore the underlying
mechanisms of a wide range of biological molecules (1-3) . Among these techniques are optical
tweezers (4, 5) and single molecule fluorescence spectroscopy (2) which are widely used to
detect molecular conformational changes and the subtle stepping motions of molecular motors
(6,7). With optical tweezers, mechanical forces can be directly applied to biomolecules to
explore the energetics governing inter- and intra-molecular interactions, while with single
molecule fluorescence spectroscopy, the binding, the structural and the conformational states of
such molecules can be monitored. Moreover, the combination of these two techniques into a
simultaneous, single measurement allows direct observation of molecular changes as mechanical
forces are applied while locating such changes with sub-nanometer resolution. This combined
tool can be used to explore the interactions of biomolecules, such as proteins, DNA and
molecular motors (8-10). However, until recently, the combination of optical tweezers with
single molecule fluorescence had proven difficult because the high photon flux of the trapping
beam accelerates the photobleaching of fluorophores; thus, dramatically reducing the time to
perform a meaningful measurement to only a few seconds (11-13). To circumvent this problem,
previous efforts either spatially separated the trapping beam and the fluorescence reporters by
using long biopolymers (14, 15) or employed robust dyes (10). Recently, we reported a novel
technique, which we termed interlaced optical force-fluorescence (IOFF), to dramatically reduce
trap-induced photobleaching by alternately modulating the optical trapping and fluorescence
excitation beams without compromising the trap integrity (11). This technique, which is not
limited to particular experimental geometries, results in a 20-fold improvement in the
fluorescence longevity of Cy3 when compared to the simultaneous exposure to the trapping and
excitation lasers. We later demonstrated the feasibility of IOFF to combine optical tweezers with
the powerful tool of fluorescence resonance energy transfer (FRET) by observing the opening an
closing of a DNA hairpin with a Cy3-Alexa647 pair (16). In this chapter we investigate the
applicability of this technique to a variety of fluorophores commonly used in single molecule
biophysics measurements.
Due to its complexity, the exact physico-chemical mechanism of photobleaching for each
type of fluorophore is not completely understood. However, it has been observed that excitation
and environmental conditions play an important role on the photobleaching rate of most
fluorophores (17, 18). From these observations, one suggested mechanism for irreversible
photodamage is the oxidation of a triplet state fluorophore by singlet oxygen (18, 19). A second
mechanism, mostly used to explain photobleaching due to two-photon excitation in polar
solvents, is the ionization of a fluorophore in a high excited electronic state which generates a
highly reactive dark state fluorophore and a solvated electron (12, 18, 20, 21). Common methods
to counteract these two effects include deoxygenation by vacuum degassing and the addition of
oxygen scavengers and antioxidants to buffers (12, 18-20). Previous studies demonstrated that,
even when these solutions are implemented, fluorophores such as Cy3 and Alexa-Fluor 555 are
extremely susceptible to trap-induced photobleaching while tetramethylrhodamine (TMR) is
minimally influenced by this phenomenon (12). In that report, the authors proposed a model
suggesting that a sequential absorption of photons, first from the fluorescence excitation laser
and then from the trapping laser, could excite the fluorophore to a high energy singlet state prone
to ionization without going through an intermediate triplet state.
In this chapter we summarize the results obtained with the IOFF technique reported
previously by our group (11), where the effects of the trap were characterized and a
demonstration of its application is shown with a fluorophore-labeled DNA system. We then
explore the effects of accelerated photobleaching due to the trapping beam on 100 nm beads
coated with fluorophores and quantify the improvement of the photobleaching rate when using
IOFF. We demonstrate that fluorophores with excitation maxima near 488 nm are not affected by
the trapping laser while those excited with excitation maxima between 532 nm and 635 nm are
most affected but exhibit a dramatic improvement with our technique. We further explore the
accelerated photobleaching mechanism by systematically exposing the fluorophore-coated beads
to different irradiation schemes. Results reveal that fluorescence is partially recovered when the
trapping laser is turned off after initially exposing the fluorophore to both the trapping and
fluorescence excitation beams, suggesting a transient, intermediate dark state with a relatively
long lifetime.
4.2 Materials and Methods
4.2.1 Instrumentation
The instrument combining optical tweezers and fluorescence microscopy is detailed in section
1.3.1. Briefly, a high numerical aperture objective (100X, 1.45 NA; Nikon) tightly focuses a
1064 nm laser (Coherent, Santa Clara, CA) to form the optical trap, while a combination of a 975
nm laser (Corning Lasertron, Bedford, MA) and a position-sensitive device (PSD; Pacific Silicon,
Westlake Village, CA) is employed for back-focal plane position detection (22). A pair of
orthogonally oriented acousto-optic deflectors (AODs; IntraAction, Bellwood, IL) provides fast
and precise trap steering at the specimen plane. The position of the sample is manipulated in
three dimensions with a nanometer-resolution piezo-electric stage (Physik Instrumente, Auburn,
MA). Excitation light for objective-side total internal reflection fluorescence (TIRF) is provided
by either an argon-ion laser tuned at 488 nm, a 532 nm laser diode (World Star Tech, Toronto,
ON), or a 635 nm laser diode (World Star Tech), depending on the fluorophore being used (see
Table 1). Furthermore, appropriate filter cubes consisting of a dichroic mirror and a long-pass
emitter filter were utilized as well. The fluorescence excitation intensity is controlled by an
independent AOD (IntraAction, Bellwood, IL) and the fluorescence emission is spatially isolated
through a 300 nm pinhole and collected with a photon-counting silicon avalanche photodiode
(SAPD, Perkin Elmer).
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order to alternately (out-of-phase) or simultaneously (in-phase) irradiate the specimen with the
trapping and excitation lasers. In the out-of-phase (OP) condition, the phase delay is adjusted
such that there is a 2 gls dark period between the pulses (11). For the in-phase (IP) condition, the
phase delay was shifted by 1800 such that the fluorescence excitation pulse coincides with the
trapping pulse (Figure 4.1). The post-modulation, time-averaged power is set to 100 mW and
250 pgW for the trapping and excitation lasers respectively. All signals were acquired with 16-bit
A/D board (National Instruments) using custom software (LabView, National Instruments).
4.2.2 Bead preparation for bulk photobleaching experiments
100 nm beads (Polysciences, Inc., Warrington, PA) with carboxylic groups on the surface were
coated with biotin using an EDC reaction. Then, 150 gtL of bead solution was mixed with 10 gL
of 10 mg/mL fluorophore-labeled streptavidin in phosphate buffer (pH 7.4) and incubated
overnight at 40C under mixing conditions. To remove unbound streptavidin, the beads were spun
down five times (6 minutes at 10,000 rpm), and resuspended in phosphate buffer after each step.
Next, the bead solution was sonicated for 2 minutes. Then, a 1:100 dilution of beads was
perfused into a flow cell and incubated for 20-30 minutes for non-specific immobilization of
beads on the surface. To remove unbound beads, the flow cell was washed with 400 p.L of
fluorescence buffer (20 mM Tris, pH 7.5, 6 mM NaC1, 1.7 mM MgC12, 10% glycerol, 120 nM
catalase, 25 mM t-D(+) glucose, 1.8 [tM glucose oxidase, 1% fl-mercapto-ethanol, degassed for
30 minutes in a dessicator). Finally the flow cell was sealed with epoxy to prevent evaporation.
4.2.3 Bulk photobleaching assay
The sample is visually scanned for immobilized beads on the surface of the coverslip. The
fluorophore-coated bead is precisely centered in the specimen plane at a location corresponding
to the pinhole aperture with an automated routine using the position detection system and the
piezo-electric stage. Following, the bead is exposed to either IP or OP irradiation conditions and
its fluorescence emission is recorded for 5 minutes. As a control, beads are exposed to the
modulated fluorescence excitation laser but not to the trap, which we termed NT. All signals are
acquired at 20 Hz and are analyzed with MATLAB (MathWorks, Natick, MA).
4.3 Results
4.3.1 Effects of modulation frequency on trapping integrity
We monitored the thermal fluctuations of a trapped 500-nm bead while the modulation
frequency was varied from 100 Hz to 50 kHz for a duty cycle of 50% (Figure 4.2). As the
frequency is increased, the thermal fluctuations of the bead are clearly reduced. The trap stiffness,
ktrap, was characterized using the equipartition theorem that relates the mean-squared
displacement of a trapped bead, (x2), to the thermal energy in the system, kBT, such that
ktap (x2)/2 = kBT/2. For a range of trapping laser power, we observed that the stiffness of the
trap increased monotonically as the modulation frequency was increased until reaching a plateau
(Figure 4.2 B). For each trapping power, the modulated stiffness values were normalized by the
measured stiffness for a non-modulated trap. The results follow a rising exponential function in
the form of y = A[l - exp(-f)] , where A is the maximum achievable stiffness, f is the
modulation frequency andfm represents a characteristic modulation frequency for the system. At
high frequencies all fits converge near 0.5, as expected for a duty cycle of 50%. For trapping
powers of 60, 120, 240, and 480 mW, the characteristic frequenciesf, are 0.59, 1.5, 3.2, and 7.1
kHz, respectively. This suggests that if the trap is modulated at 5f,, the stiffness of the trap will
be -99% of that of a continuous trap with the same average power.
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Figure 4.2. Effect of modulation on the integrity of an optical trap. (a) Position trace of a trapped bead for a 50%
duty cycle with 100 Hz, I kHz and 10 kHz modulation frequencies. The space explored by the bead is reduced as the
modulation frequency increases. (b) Effect of modulation on the stiffness of an optical trap for 60 (0), 120 (o), 240
(x), and 480 (A) mW of trapping laser power. For each power, the measured stiffness was normalized by the trap
stiffness of a continuous trap. The data was fit to a simple exponential function, resulting in characteristic
modulation frequencies of 0.59, 1.5, 3.2, and 7.1 kHz, respectively.
4.3.2 Single molecule longevity extension with IOFF and technique demonstration
Single Cy3 molecules were immobilized on a glass coverslip through short DNA tethers and
exposed to the different modulation schemes of no trap (NT), out of phase (OP) and in phase (IP)
as shown in Figure 4.1. Since we found that bulk fluorophore decay rates were independent of
frequency but dependent on duty cycle and average power of the fluorescence excitation power,
we set the modulation frequency to 50 kHz and duty cycle to 30% for the excitation laser. The
longevity of each molecule was quantified by the duration of its emission until it returned to
background levels in a single step (Figure 4.3 A). For each modulation condition, we recorded
100 events and characterized the decay rate with a single exponential fit to the longevity
distributions (Figure 4.3 B-D). For the NT, OP and IP modulation conditions the decay constants
are 89.97 + 13.05 s, 32.03 + 5.72 s, and 1.49 ± 0.10 s, respectively. Although with OP we do not
recover the fluorescence longevity observed with NT, OP shows a dramatic improvement over IP,
where the Cy3 longevity is extended by -20-fold.
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Figure 4.3. Cy3 single molecule fluorescence. (a) Example trace for a single Cy3 photobleaching event exposed to
OP trapping and excitation radiation. The fluorophore emits light at a constant rate before irreversibly bleaching in a
single step and returning the signal to background level. This particular Cy3 molecule had a longevity of
approximately 120 s. Histograms (n=100) of the longevities of single Cy3 fluorophores exposed to the (b) no trap
(NT), (c) out-of-phase (OP), and (d) in-phase modulation conditions. The data for each condition was fitted to a
single exponential decay model with time constants of 89.87 + 13.05 s, 1.49 ± 0.10 s, and 32.03 ± 5.72 s,
respectively. All fits resulted in R2 > 0.95. Insets contain schematics of the modulation scheme employed for each
condition. The hatch marks on the (c) OP and (d) IP insets mark the 2 ps offset between the trapping and
fluorescence excitation laser pulses for each condition. Both trapping and excitation lasers were modulated at 50
kHz and with a duty cycle of 50 and 30 %, respectively.
We demonstrated the applicability of the IOFF technique by rupturing a 15 bp DNA
while simultaneously recording the emission of a Cy3 molecule strategically located at the
expected rupture location (Figure 4.4 A). The DNA tether was loaded at 100 nm/s and ruptured
at -10 pN. This rupture force is consistent with other similar experiments (10,13). The rupture
was accompanied by a sudden decrease in fluorescence intensity, confirming the location of the
rupture. This result shows successful implementation and performance of the IOFF technique.
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Figure 4.4. Combined measurement using the interlaced modulation technique. (A) Unzipping geometry for a 15bp
dsDNA system. It is attached on one end to a trapped bead via a biotin-streptavidin interaction and immobilized on
the other end by means of a digoxigenin-antibody linkage. The 15bp region of interest is labeled with a Cy3
fluorophore to confirm the location and timing of the unzipping mechanical event. (B) Simultaneous trace of the
force exerted on the dsDNA system (black) and the photon emission rate of the Cy3 fluorophore (green). The
dsDNA system was loaded at a rate of 100 nm/sec until a mechanical break occurs at approximately 10 pN (blue).
This event is correlated with a simultaneous drop to background in the Cy3 emission rate, corroborating the location
of the break. The fluorescence excitation was shuttered for 1.5 seconds after position acquisition started.
4.3.3 Bulk photobleaching rates
In the previous section, the IOFF technique was successfully demonstrated for combined optical
trapping and single molecule fluorescence with the commonly used fluorophore Cy3. However
there is a wide range of other fluorescent molecules used for both single molecule and bulk
fluorescence experiments. In this section we investigate the effectiveness of the IOFF technique
with different fluorophores that excite with wavelengths ranging from 488 nm to 635 nm. For the
488 nm excitation wavelength, we used GFP and Alexa-Fluor 488; for 532 nm, we used Alexa-
Fluor 532, Alexa-Flour 555, Cy3 and tetramethyrhodamine (TMR); and for 637 nm, we used
Alexa-Fluor 647 and Cy5. We saturated 100-nm biotinylated beads with streptavidin conjugated
with the above dyes, and immobilized these beads on a glass coverslip. The concentration of
beads was low enough to ensure that the fluorescence emission collected came from only one
bead. Also, because of the small size of the beads, the irradiation from the trapping laser and
fluorescence laser was fairly uniform over the bead surface (trapping laser waist is - 500 nm and
the fluorescence excitation zone is - 20 gm).
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Figure 4.5. Bulk fluorescent dyes longevity for different modulation schemes. 100-nm biotinylated beads were
coated with streptavidin conjugated with (A) GFP, (B) Alexa-Fluor 488, (C) Alexa-Fluor 532, (D) Alexa-Fluor 574,
(E) Cy3, (F) tetramethylrhodamine (TMR), (G) Alexa-Fluor 647, and (H) Cy5. The beads were immobilized on a
surface and exposed to the no trap (blue), out of phase (black), and in phase (red) modulation conditions. The
excitation wavelength is shown in each plot. Inset on E: bulk Cy3 fluorescence longevity is reduced mostly for NT
and OP when no fluorescence cocktail is used.
The fluorophore-coated beads were exposed to NT, OP or IP modulation, while the bulk
fluorescence emission was collected with a photon counting module. The photobleacing curves
for an average of 8-12 beads are shown in Figure 4.5. Each bulk decay curve was well
characterized by a double exponential in the form of y = B, exp(- kt)+ B2 exp(- k2t)+ C, where
B is the relative contribution of each exponential, k is the decay rate associated with each
exponential, the subscripts 1 and 2 represent the fast and slow decay components respectively,
and C represents the background intensity. The fits for each of the traces in Figure 4.5 are shown
in Table 4.1. However, since with a double exponential there are five different parameters
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describing the decay curve, it is difficult to make a meaningful comparison by just looking at the
fits. Therefore we calculated the total area below the intensity curves to obtain a single number,
which we called A,, to compare across all the fluorophores studied (second to last column in
Table 4.1). Within each fluorophore, we normalized A, with the A, from NT condition to
compare the relative improvement using IOFF (last column in Table 4.1).
Table 4.1. Sumary of otobleac ing decay fits for each trace in Figure 4.5.
Excitation Modulation Double exponential fit
wavelength (nm) Condition Al (a.u.) tl (s) A2 (a.u.) t2 (s) A3 (a.u.) R2  Integration Normalized Integration
NT 0.911 1.291 0.192 11.514 0.017 0.991 8.392 1.000
GFP OP 0.844 1.902 0.324 15.820 0.027 0.995 14.309 1.705
IP 0.960 0.740 0.221 5.650 0.029 0.994 10.815 1.289
488- ------------ ------------------ --- -------- --------- ---------
NT 0.820 4.764 0.285 25.517 0.020 0.998 15.798 1.000
Alexa 488 OP 0.810 5.714 0.284 31.898 0.030 0.998 21.534 1.363
IP 0.811 2.721 0.269 20.455 0.029 0.996 15.748 0.997
NT 0.665 11.180 0.320 61.700 0.029 0.994 32.949 1.000
Alexa 532 OP 0.560 18.450 0.370 103.300 0.062 0.991 62.405 1.894
IP 0.744 5.676 0.232 37.880 0.022 0.998 18.539 0.563
NT 0.750 6.297 0.390 47.200 0.031 0.994 30.226 1.000
Alexa 555 OP 0.826 4.024 0.284 34.420 0.017 0.996 17.208 0.569
IP 1.124 0.157 0.087 9.768 0.014 0.996 5.485 0.181
NT 0.657 6.926 0.410 58.300 0.041 0.995 38.687 1.000
532 Cy3 OP 0.834 7.538 0.406 68.250 0.043 0.994 42.742 1.105
IP 0.757 0.578 0.093 12.109 0.000 0.970 2.568 0.066
NT 0.869 8.778 0.212 30.590 0.002 0.991 13.332 1.000
CGy3w/o OP 0.615 2.201 0.575 8.480 0.002 0.998 5.903 0.443GOC
IP 0.910 0.416 0.127 2.621 0.003 0.992 1.814 0.136
NT 0.585 19.910 0.482 102.300 0.046 0.994 67.724 1.000
TMR OP 0.239 18.610 0.670 64.310 0.051 0.998 57.916 0.855
IP 0.583 8.761 0.436 46.140 0.025 0.997 29.713 0.439
NT 0.720 13.300 0.409 66.120 0.038 0.995 43.911 1.000
Cy5 OP 0.5633 10.23 0.452 89.94 0.04831 0.996 57.182 1.302
IP 0.8009 2.057 0.2974 13.35 0.00632 0.998 6.958 0.158635 - .. . -...... ----- - - --- ...... - - -- ------ -...... .. --- ..-- ------- .. -. - -----
NT 0.6424 16.66 0.3463 82.84 0.0621 0.997 53.991 1.000
Alexa 647 OP 0.5034 5.553 0.3814 43.09 0.03844 0.992 30.590 0.567
IP 0.9956 0.4356 0.1295 10.69 0.01476 0.996 6.275 0.116
The results show that the IOFF technique is most effective on those fluorophores excited
with 532 nm and 635 nm, as seen with improvements of 2 to 17 times larger Al's with OP than
with IP. The fluorophores with absorption maxima around 488 nm were relatively insensitive to
the effects of the trapping laser, as the decays with NT, OP and IP were comparable (Figure 4.5
A and B, and Table 4.1). Even with NT modulation, these fluorophores photobleached at the
fastest rate, as their AI's were no more than half of those from the fluorophores excited at higher
wavelengths. Therefore, it is possible that any photobleaching effect form the trapping laser is
obscured by their inherently fast decay rate.
For those fluorophores excited with wavelengths of 532nm and 635 nm, Cy3 is the most
affected by the accelerated photobleaching due to the trapping laser, showing 17-fold decrease in
fluorescence longevity from NT to IP modulations. However, Cy3 is also the fluorophore which
fluorescence longevity is improved the most with the IOFF technique, recovering back its
fluorescence to NT levels with OP modulation. In this range of wavelengths, the fluorophore
least affected by trapping laser is TMR and shows a 2-fold improvement in fluorescence
longevity with the IOFF technique.
4.3.4 Fluorescence recovery from trap-induced dark state population
To further investigate the mechanism of accelerated photobleaching due to the trapping laser, we
alternately exposed Cy3-coated beads to OP and IP modulation conditions (Figure 4.6 A). After
switching from OP to IP, as expected, a rapid decay in fluorescence intensity was observed.
Interestingly, once the modulation condition was returned to OP, some fluorescence was
recovered as shown by the increase in fluorescence intensity. The same pattern was observed at
every OP-IP cycle. For the first cycle, the intensity dropped from 0.75 to 0.15 when exposed to
0.5 s of IP. Once OP is restored, the signal increased to 0.35 within 0.4 s. This observation
suggests that during simultaneous irradiation by the fluorescence laser and the trapping laser, a
population of the Cy3 fluorophores is irreversibly destroyed while another population goes to an
intermediate, long-lived dark state. We estimate that for Cy3 two thirds of the fluorophores
entering the first IP phase were photobleached while one third was recovered.
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Figure 4.6. Fluorescence recovery after in phase modulation. (A) A Cy3-coated bead was exposed to cycles of out of
phase (OP) and in phase (IP) modulation conditions. When switched from OP to IP, a fast decay in intensity was
observed. After switching back to OP, some fluorescence is recovered as seen by an increase in intensity. (B) An
Alexa-Fluor 555-coated bead was exposed to OP (black line) and another was exposed first to IP for 0.5 s, followed
by turning all the lasers off for 4.5 s, and then exposed to OP (gray line). About 45% of the fluorophore population
is irreversibly photobleached by 0.5 s exposure to IP.
In a variation of the above experiment, we exposed an Alexa-Fluor 555-coated bead to
0.5 s of IP followed by no exposure to either fluorescence excitation or trapping lasers for -4.5 s,
and then exposed to OP modulation (Figure 4.6 B, gray line). As a control we exposed a second
bead to OP for the same time duration. We compared the level of intensity of the first fluorescent
bead just as it is exposed to OP (t = 6.2 s) to the level of intensity of the control bead just at the
end of the IP phase (t = 1.8 s). In this case, roughly 45% percent of the fluorophore population
was irreversibly photobleached. When a similar experiment was performed with beads coated
with Alexa-Fluor 488 the recovery behavior was not observed, as expected from the results of
the previous section.
4.4 Discussion
By implementing a modulation scheme that temporally separates the fluorescence excitation
laser and the trapping laser, we circumvented the problem of accelerated photobleaching when
combining optical tweezers and single molecule fluorescence. By first characterizing the effects
of the temporal modulation on the trap integrity, we showed that a modulated trap can resemble a
continuous one for high modulation frequencies. The optimal modulation frequency for a given
trap is dependent on the power of the trapping laser, as our results show that for a 60 mW trap,
the modulation frequency required is -3 kHz, whereas for a 480 mW trap, the modulation
frequency required is -36 kHz. For a modulation frequency of 50 kHz the trap is off for a
duration of 10 js, giving a bead with diffusivity of 4.36 x 10-13 m2s-1 enough time to diffuse - 4
nm away from the center of the trap, well within the average signal noise of a relatively weak
trap. However, for fine measurements with position resolution on the order of 1 nm, such as
those required for the resolution of molecular conformational changes and protein folding and
unfolding (36,37), the optical trap must be modulated at higher frequencies to minimize noise
from bead diffusion.
Although these results suggest that the integrity of the trap can be completely recovered
at high modulation frequencies, there are practical upper limits on the frequency at which
modulation can occur. Acoustic modulation is limited by both the speed of sound in the acousto-
optic deflector (AOD) medium (4.2 mm/!lsec) and the diameter of the laser (- 2.5 mm), which in
our system results in a maximum modulation frequency of approximately 80 kHz. This
frequency is appropriate to modulate a trap formed with up to 500 mW of trapping power and
characterized with stiffness up to 0.5 pN/nm. Higher modulation frequencies can be reached by
minimizing the diameter of the laser at the AOD location, employing AOD crystal materials that
inherently provide higher sound velocities, or implementing electronic modulation techniques
such as those used for multiple color fluorescence measurements (23). Though such
arrangements will further extend the versatility of this technique, our configuration is suitable for
the types of experiments that are commonly approached with optical tweezers force spectroscopy.
Trap-dependent photobleaching was observed with different fluorophores that excite at
wavelengths of 532 nm and 635 nm when simultaneously irradiated with the fluorescence
excitation and trapping lasers. This effect, which reduced the fluorescence longevity up to one
order of magnitude, was observed at both single molecule (Figure 4.3) and bulk levels (Figure
4.5). These results are in agreement with previous observations suggesting that the absorption of
1064 nm photons by molecules already in the first excited state can lead to a pathway that
accelerates photo-destruction (12).
We also observed in bulk fluorescence studies that fluorophores can partially recover
their fluorescence when the modulation is changed from IP to OP. Based on this, we suggest that
sequential absorption of a 532- or 635-nm photon and a 1064-nm can push the fluorophore to
populate a "dark" energy state. Our results suggest that the rate of populating this dark state is
much faster than the natural photobleaching rate of the fluorophore. Also, we propose that the
lifetime in the dark state is longer than 10 ts, because otherwise, in the IP condition, the
fluorophore would de-populate the dark state before the next trapping excitation and no
accelerated photobleaching effect would have been observed. The fact that there is partial and
gradual fluorescence recovery when IP is abruptly changed to OP is also an indication that a
population of fluorophores in this dark state can remain in there for relatively long times; thus we
suggest that this intermediate dark state is long-lived. The rest of the fluorophore population in
this dark state will experience irreversible photo-destruction (Figure 4.6). With the
implementation of the IOFF technique, we were able to find new information describing the
accelerated photobleaching pathway induced by the trapping laser that can be used to describe
the physico-chemical mechanism governing this phenomenon.
We have successfully presented a method for efficiently combining single molecule
fluorescence and optical tweezers into a single, functional instrument without sacrificing the
capabilities of either technique. The effectiveness of this arrangement was demonstrated by
mechanically unzipping a 15 bp dsDNA overhang model system and monitoring the event
through the emission of a strategically placed Cy3 dye. This combination of force measurement
and fluorescence emission provides solid evidence for the location and nature of the mechanical
observations, as fluorescence signatures and force magnitudes differ for other types of breaks
(13). In addition, we report an unzipping force of approximately 10 pN for our 15 bp dsDNA
system, which is in agreement with previously reported values for a similar system (10,13).
Though similar results have been presented with an analogous system (10,13), the
benefits of our IOFF technique are necessary for combined measurements using common single
molecule fluorophores. The most popular of these dyes, including Cy3, are characterized by a
high quantum yield and extinction coefficient but are highly susceptible to the trap-induced
photobleaching effects that are dramatically reduced by our approach. This result also improves
assay development feasibility, a significant hurdle in single molecule research, for the
investigation of molecular motor systems that have been independently approached with optical
tweezers (6,7), single molecule fluorescence (24-26), or other methods (27,28). Such tools can
now be simultaneously combined to elucidate the mechano-chemical cycles governing the
motion of these systems (29,30) and to study real time force-induced conformational changes
(31). In addition, this technique reduces the requirement of a highly efficient trap, allowing
experiments involving optical tweezers to take place deep into solution, where they could be
coupled with prism-side TIR and other techniques. Furthermore, IOFF can be used to study
protein folding, protein-protein and protein-DNA interactions, and to monitor the formation of
complex structures at the cellular level in response to external force (32).
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Chapter 5: Future directions
The surrounding environment influences cellular behavior. This environment provides cues,
including electrical impulses, chemical gradients and mechanical forces, that induce expression
of a wide range of proteins regulating cell migration, morphology and fate. Some of these
proteins target the reorganization of the cytoskeleton, which is the structural frame of the cell. It
was the focus of this thesis to study some of the protein interactions involved with the
cytoskeletal formation, specifically the interactions between actin filaments and the actin binding
proteins filamin and a-actinin. With novel experimental techniques in vitro, ranging from single
molecule to microrheology experiments, we provided evidence that unbinding between actin
filaments and ABPs is a major player in the regulation of the mechanical properties of the actin
networks. A natural step forward includes using the microrheology techniques described here to
study the cytoskeletal response to force in vivo and compare it with the single molecule models
presented here.
At the single molecule level there is still much to explore. Actin polymerizes in a
polarized manner and in locations throughout the cell it is found arranged with directionality. For
example, at the leading edge of a migrating cell, most of the filaments are organized with their
faster polymerizing ends pointing towards the cell membrane, because as it polymerizes, it
pushes the membrane out to start the migration process (1). Thus, it is possible that ABPs have a
preferred direction to bind to actin. In our studies at the single molecule level, we only explored
the unbinding direction parallel to the filaments. By labeling the filaments with fluorescent dyes,
unbinding experiments can be performed with simultaneous observation using total internal
reflection fluorescence microscopy to explore different unbinding directions. Moreover, with the
IOFF technique (chapter 4) the longevity of the fluorophores can be extended facilitating assay
development. With a full single molecule directional unbinding study a more complete model
can be developed describing cellular mechanics.
The single molecule assay developed was shown to be interchangeable between two
different actin binding proteins; thus we expect that with no or slight modifications, this assay
can be implemented to study other ABPs related to other structural complexes such as the focal
adhesion site. These sites are the main cellular contacts with the ECM and consist of a series of
structural and signaling proteins that link transmembrane receptor proteins, or integrins, to the
actin cytoskeleton. When force is applied to the cell, the focal adhesion grows and is
strengthened by the recruitment of these proteins (2). An important structural component of the
focal adhesion site is the talin/vinculin complex. The talin dimer can bind to two different actin
filaments, while vinculin has binding sites for actin and talin and it is believed that its main
function at the focal adhesion site is to stabilize the talin/actin interaction. With the single
molecule assay described in chapter 2 and the IOFF technique, the biding interactions of these
molecules can be explored in detail as described below.
Using the IOFF technique and a DNA-hairpin toy system, we demonstrated that force-
induced molecular transitions can be monitored with fluorescence resonant energy transfer
(FRET) (Figure 5.1) (3). FRET provides an experimental view of the structural properties of
individual molecules or complexes with sub-nanometer resolution. Potentially, vinculin can be
tagged with an acceptor fluorophore and talin with a donor fluorophore. Initially, the rupture
force for the interaction between talin and actin would be characterized in the absence of
vinculin as described in chapter 2. Secondly, vinculin would be added into the assay in order to
form the talin/vinculin/actin complex which formation would be monitored using IOFF and
FRET. With this assay, the contribution of vinculin in stabilizing the talin/actin interaction can
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be quantified. Moreover, by monitoring the FRET signals, the exact location and sequence of
unbinding could be pinpointed. Also, observing how the vinculin/talin interaction reacts to force
would lead into the first mechanotransduction exploration at the single molecule level.
0 10 20 30 40 50 60 48.5 49.5
Time [s]
Figure 5.1. Watching force-induced molecular transitions with fluorescence resonant energy transfer (FRET). (A)
Experimental assay consists of a DNA hairpin complex labeled with opposing Cy3 and Alexa-Fluor 647
fluorophores, flanked by two dsDNA to form the tether between the glass coverslip and the bead. (B) The hairpin
was mechanically loaded by translating the coverslip as the position of the trapped and the emission of the
fluorophores were simultaneously monitored. Each transition from closed to open occurred at - 18 oN (black line)
and the state of the hairpin was revealed by FRET between the donor Cy3 (green) and the acceptor Alexa-Fluor 647
(red). (C) Detail of a single hairpin opening transition accompanied by a simultaneous change in RET, as
highlighted by the gray dashed line. The inset cartoon depicts the state of the hairpin.
By looking at how forces affect the binding of a wide range of ABPs to actin, cell
motility, morphology and force sensing processes can be better understood. In turn, further
studies can help identify the role of structural proteins in diseases in order to develop treatment
against them.
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Appendix A: Buffers and actin polymerization
Preparation of Solution T (50 mL)
This is the original buffer used to prepare most of the following bufffer
Materials:
Tris-HCl
CaCI2
ddH20
KOH
1. On a 50-mL Falcon tube add:
* 3.940 g Tris-HCl
* 0.147 g CaC12
2. Add ddH20 to 50 mL and mix well. Final concentration: 500 mM Tris-HC1, 20 mM
CaC12.
3. Label "Solution T" and store at 40C.
Preparation of TC Buffer (50 mL)
This buffer is part of the actin general buffer (GAB) but without ATP and DTT.
Materials:
Solution T
ddH20
KOH
1. Add 40 mL of ddH20 to a 50mL-Falcon tube and .5 mL of Solution T. Mix well.
2. Adjust pH to 8.0 by adding small volumes of concentrated KOH. I usually add 4-5
pellets of KOH into a 15-mL Falcon tube and fill with ddH20 and use this to adjust the
pH.
3. Add water to complete 50mL, and verify pH. Adjust pH if necessary.
4. Filter the buffer using 0.2gpm membrane filters
5. Label the container as "TC" and store at 40 C. Final concentration: 5 mM Tris-HCl (pH
8.0), 0.2 mM CaCl2.
Preparation of 10X FC Buffer (100 mL)
This buffer is part of the actin polymerization buffer (APB) but without ATP and DTT.
Materials:
Solution T
KCI
MgCl 2
ddH20
KOH
1. Mix 85 mL of ddH20 with
* 10 mL of Solution T
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* 3.728 gofKCl
* 0.0406 g of MgC12
2. Adjust pH to 7.5 by adding small volumes of concentrated KOH. I usually add 4-5
pellets of KOH into a 15-mL Falcon tube and fill with ddH20 and use this to adjust the
pH.
3. Add water to complete 100 mL, and verify pH. Adjust pH if necessary.
4. Label the container as "FC" and store at 40C. Final concentration: 50 mM Tris-HCl (pH
7.6),, 500 mM KC1, 2 mM MgC12, 2 mM CaC12.
Preparation of 50 mM DTT solution
DTT is a reducing agent that prevents oligomerization of monomers due to
disulfide bonds
Materials:
10 mM Sodium Acetate
DTT
1. Dissolve 0.0771 g of DTT in 1 mL of 10 mM Sodium Acetate and mix well.
2. Mix 1 mL of 0.5 M DTT with 9 mL of TC buffer for a final concentration of 50 mM
DTT
3. Distribute into aliquots of 10 ýiL (for GAB) and 40 ýtL (for APB).
4. Flash freeze and store at -200 C.
Preparation of General Actin Buffer (GAB) (500 mL)
Other protocols call this buffer G-buffer.
This buffer must be prepared just before using.
Materials:
TC buffer (5 mM Tris-HCI (pH 8.0), 0.2 mM CaCI2)
50 mM DTT
10 mM ATP
1. Mix 485 pL of TC buffer, 10 pL of 10 mM ATP and 5 pL of 50 mM DTT. Final
concentration: 5mM Tris-HC1, 0.2 mM CaC12, 0.5 mM DTT, 0.2 mM ATP.
2. Label as "GAB" and store at 40 C.
Preparation of Actin Polymerization Buffer (APB) (500 mL)
Other protocols call this buffer F-buffer.
This buffer must be prepared just before using.
Materials:
FC buffer
50 mM DTT
100 mM ATP
1. Mix 455 #L of FC buffer, 25 pL of 100 mM ATP and 20 pL of 50 mM DTT. Final
concentration: 50 mM Tris-HC1, 500 mM KC1, 2 mM MgC12, 2 mM CaCl 2 2 mM DTT, 5
mM ATP.
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2. Label as "APB" and store at 40C.
Preparation of Dry Dye-Phalloidin Vial
When working with rhodamine phalloidin, try to find a dark workplace to avoid
photobleaching. Prepare vial just before using.
Materials:
Rhodamine phalloidin (Molecular probes, R-415)
100% methanol
1. Reconstitute rhodamine phalloidin vial with 1.5 mL of 100% methanol. Final
concentration -6.6 pM.
2. Add 2 pL of rhodamine phalloidin solution to a 200 pL eppendorf.
3. Let dry for about an hour in dark at room temperature.
Preparation of Actin Filaments
Materials:
1 mg vial of actin (Cytoskeleton-AKL99, >99% pure, rabbit skeletal muscle)
or 1mg vial of Alexa-Fluor 488 actin
ddH20
liquid nitrogen
GAB
APB
Rhodamine Phalloidin, Alexa-Fluor 488 Phalloidin, or Phalloidin
1. Reconstitute actin by adding 100 pL of ddH20 to 1 mg vial of lyophilized actin. Mix
well by pipetting up and down. The solution will have a concentration of actin of 10
mg/mL (232 jgM), 5 mM Tris-HCI (pH 8.0), 0.2 mM NaATP, 0.2 mM CaC12, 5% sucrose,
1% dextran.
2. Keep the reconstituted actin on ice.
3. Aliquot 5 pL of solution into 200V1L-eppendorfs (around 20).
4. Keep the vials to be used on ice and snap freeze the rest with liquid nitrogen.
5. Store the snap frozen actin at -800C.
6. Prepare fresh GAB (see above).
7. Add 95 lL of GAB to actin vial to a final volume of 100 pL. The final concentration of
actin is 0.5 mg/mL (11.6 tM). Mix well by pipetting up and down in a gentle fashion.
8. Place on ice for one hour.
9. Prepare rhodamine phalloidin or Alexa-Fluor 488 phalloidin vial as specified above if
using unlabeled actin monomer.
10. Prepare fresh APB (see above).
11. For unlabeled monomer:
Polymerize actin by mixing 100 pL of actin+GAB with 10 pL of APB in the dye-
phalloidin vial. Mix well by pipetting up and down in a gentle fashion. Actin
concentration: 0.454 mg/mL (10.5 jtM).
For labeled monomer:
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Polymerize actin by mixing 100 pL of actin+GAB, 10 pL of APB and 5pL of
phalloidin. Mix well by pipetting up and down in a gentle fashion. Actin concentration:
0.435 mg/mL (9.13 tM).
12. Leave in dark at room termperature for 1 hour to complete polymerization process.
13. Further dilution of actin solution might be needed to be able to see the filaments on the
microscope. Mix 5 pL of polymerized actin with 495 pL of GAB/APB solution
(10GAB:IAPB). Final actin concentration: 4.35 gg/mL (0.1 jgM).
14.F-actin is stable in dark at 40 C for at least a week.
Preparation of Actin Filaments with Biotin-Actin
Materials:
1 mg vial of actin (Cytoskeleton-AKL99, >99% pure, rabbit skeletal muscle)
20 jgg vial of biotin/actin (Cytoskeleton-AB07)
ddH20
GAB without DTT
GAB
APB
Rhodamine Phalloidin, Alexa-Fluor 488 Phalloidin, or Phalloidin
1. Reconstitute actin by adding 100 pL of ddH20 to 1 mg vial of lyophilized actin. Mix
well by pipetting up and down. The solution will have a concentration of actin of 10
mg/mL (232 giM), 5 mM Tris-HCl (pH 8.0), 0.2 mM NaATP, 0.2 mM CaC12, 5% sucrose,
1% dextran. Aliquot into 5 gL vials. Keep the vials to be used and snap freeze the rest.
2. Reconstitute biotin/actin by adding 20 tL of ddH20. The final concentration is lmg/mL
of biotin/actin. Aliquot into 5 gL vials. Keep the vials to be used and flash freeze the
rest.
3. Thaw one vial of 10 mg/mL of pure actin and 1 vial of 1.0 mg/mL of biotinylated-actin.
4. Prepare fresh GAB.
5. Mix the two vials and label the mixture A+BA. The ratio is 10:1 (actin:biotin-actin) with
a total actin concentration of 5.5 mg/mL (127.6 pM).
6. Add 100 gtL of GAB and mix well by pipetting up and down in a gentle fashion. The
solution is 110 pL with a concentration of actin is 0.5 mg/mL (11.6 gM). Place on ice for
one hour.
7. Prepare fresh APB.
8. Polymerize actin by adding 11 pL of APB to the actin solution. Mix well by pipetting up
and down in a gentle fashion. Actin concentration: 0.435 mg/mL (10 tiM). Place on ice.
9. After 20 minutes, add 5 jtL of labeled phalloidin.
10. Leave on ice in dark for 1 hour.
11. Further dilution of actin solution might be needed to be able to see the filaments on the
microscope. Mix 5 pL of polymerized actin with 495 pL of GAB/APB solution
(10GAB:1APB). Final actin concentration: 4.35 jig/mL (0.1 jiM).
12. F-actin is stable in dark at 40 C for at least a week.
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Appendix B: Attaching actin filaments to gelsolin beads
Preparation of Sodium Carbonate Buffer (0.1 M, pH 9.6)
Materials:
Na 2CO 3
NaHCO3
ddH20
1. Mix 0.79 g of Na2CO 3 with 75 mL of ddH20. Stir for several minutes until all the solids
are dissolved.
2. Mix 0.63 g of NaHCO3 with 75 mL of ddH20. Stir for several minutes until all the solids
are dissolved.
3. Add Na2CO 3 to the NaHCO 3 solution until pH is -9.6. The final concentration is 0.1M
of sodium carbonate buffer
Preparation of Sodium Phosphate Buffer (0.02 M, pH 4.5)
Materials:
Na 2HPO4
NaH2PO4
1M HCI
1. Mix 0.213 g of Na2HPO4 with 75 mL of ddH20. Stir for several minutes until all the
solids are dissolved.
2. Mix 0.207 g of NaH2PO4 with 75 mL of ddH20. Stir for several minutes until all the
solids are dissolved.
3. Add Na2HPO4 to the NaH2PO 4 solution until pH is ~ 4.5. The final concentration is
0.02M of sodium phosphate buffer.
NOTE: When I prepared NaH2PO4, it is at a pH of - 4.8, so Na2HPO4 will not reduce the
pH to 4.5. So I used 1 M HCI to adjust the pH to 4.5 and Na2HPO4 if overshoot the pH.
Preparation of Borate Buffer (0.1 M, pH 8.5, 100 mL)
Prepare this buffer after between step 7 and step 8 of bead preparation
Materials:
H3BO3
1 M NaOH (2.0 g NaOH + 50 mL ddH20)
ddH20
1. Mix 0.618 g of boric acid (H3BO 3) with 100 mL ddH20.
2. Adjust pH to 8.5 with 1 M NaOH.
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Preparation of Solution A (0.1 M borate buffer pH 8.5, 0.1 mM CaC12, 0.1 mM
ATP)
Prepare this buffer after between step 7 and step 8 of bead preparation
Materials:
Borate buffer
CaCl2
100 mM ATP
Prepare a solution of 100 mM CaC12 by mixing 0.147 g CaC12 with 10 mL ddH20.
Mix 10 pgL of 100 mM ATP, 10 gpL of 100 mM CaC12 and 10 mL of borate buffer.
Preparation of Solution B (20 mM sodium phosphate buffer pH 7.4,
10 mg/mL BSA, 0.1 mM CaC12, 0.1 mM ATP, 5% (v/v) glycerol,
NaN 3)
Prepare this buffer after between step 15 and step 17 of bead preparation
Materials:
20 mM phosphate buffer pH 4.5
20 mM Na 2HPO4
BSA
Glycerol
NaN 3
100 mM CaCI2
100 mM ATP
150 mM NaC1,
0.1% (w/v)
1. Take 25 mL of 20 mM phosphate buffer, pH 4.5 and adjust pH to 7.4 by adding 20 mM
Na2HPO4. The volume required to raise the pH to 7.4 will be around 25 mL.
2. Mix 100 mg BSA, 0.5 mL glycerol, 0.01g NaN 3, 10 jtL of 100 mM CaC12, 0.088g NaCl
and 9.5 mL of 20 mM phosphate buffer, pH 7.4.
NOTE: ATP will be added when mixing the buffer with the beads.
Preparation of 10X Solution C without ATP and DTT (25 mM imidazole-HCI pH
7.4, 250 mM KC1, 40 mM MgCl 2, 1 mM CaC12,, 0.4% (w/v) NaN 3)
This buffer is required only when the beads are mixed with actin filaments
Materials:
Imidazole
HCI
KCI
MgCl 2
100 mM CaCl2
NaN3
ddH20
1. Dissolve 680 mg imidazole with 10 mL of ddH20 for a IM imidazole solution.
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2. Dilute 2.5 mL of 1 M imidazole with 97.5 mL of ddH20 to obtain 25 mM imidazole
solution.
3. Dissolve in 10 mL of 25 mM imidazole the following quantities:
* 186 mg KCl
* 81 mg MgCl 2
* 40 mg NaN3
* 0.1 mL of 100 mM CaC12
NOTE: ATP and DTT will be added just prior mixing beads with actin filaments.
Preparation of Beads (1 gm diameter) Coated with Gelsolin
(Source: Suzuki et al, Biophys J 70:401-408 (1996))
Materials:
2.5% carboxylated microspheres
Sodium carbonate buffer
Sodium phosphate buffer
EDC
0.25 M ethanolamine
Solution A (0.1 M borate buffer pH 8.5, 0.1 mM CaCl2 and 0.1 mM ATP)
Solution B without ATP (150 mM NaCi, 20 mM sodium phosphate buffer pH 7.4,
0.1 mM CaCl2, 10 mg/mL BSA, 5% (v/v) glycerol, and 0.1% (w/v) NaN3)
1. Place 0.5 mL of 2.5% carboxylated microspheres in an eppendorf centrifuge tube and add
0.5 mL of sodium carbonate buffer.
2. Wash beads 4 times by centrifugation for 5 minutes at 10,000 rpm. After each wash,
resuspend by filling halfway with sodium carbonate buffer, then vortex, and finally fill
the tube with buffer.
3. After last wash, resuspend beads by adding 1 mL of sodium phosphate buffer.
4. Wash 4 times as specified in step 2, but using sodium phosphate buffer.
5. After last wash, resuspend beads with 0.625 mL of sodium phosphate buffer and sonicate
for 30 seconds (25% on cup sonicator).
6. Dissolve 20 mg of EDC with 1 mL of sodium phosphate buffer (2% w/v) and add 0.625
mL of this solution to the bead suspension. EDC solution should be prepared within 15
minutes prior using.
7. Mix continuously and gently for 3.5 hours at room temperature. Prepare borate buffer and
solution A while waiting for incubation.
8. Centrifuge for 7 minutes at 10,000 rpm, and remove supernatant.
9. Resuspend pellet with 1.25 mL of 0.1 M borate buffer and wash beads 4 times (5 minutes
@ 10,000 rpm) resuspending each time with borate buffer.
10. After last wash, resuspend beads in 0.7 mL of solution A and sonicate for 30 seconds
(25% on cup sonicator).
11. Use 0.5 mL of solution A to dissolve 260 gLg of BSA, 40 gg of Alexa-labeled BSA, 50 lgg
of G-actin, and 50 gig of gelsolin (400 jig total of proteins).
a. Protein mix: 5 gIL of 10 mg/mL actin, 10 lgL of 5 mg/mL gelsolin, 26 jiL of 10
mg/mL BSA and 40 [iL of 1 mg/mL rhodamine-BSA (total 400 [ig of protein).
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12. Add protein solution to bead solution and mix continuously and gently for 8-10 hours at
room temperature in dark.
13. Stop the reaction by adding 50 gL of 0.25 M ethanolamine, and mix gently for 30
minutes at room temperature in dark.
a. Mix 20 [pL of ethalonamine with 1.3 mL of borate buffer to obtain 0.25 M
ethalonamine.
14. Centrifuge bead solution for 7 minutes at 10,000 rpm, and resuspend in 1.2 mL of
10mg/mL of BSA in solution A.
a. Prepare more solution A.
b. Mix 50 mg of BSA with 5 mL of fresh solution A.
15. Sonicate for 30 seconds (25% on cup sonicator), and mix gently for 30 minutes.
16. Wash beads 3 times at 10,000 rpm using 10mg/mL BSA in solution A.
17. After last wash, resuspend beads in 1 mL of solution B.
a. Add 1 mL of solution bead to bead pellet and vortex.
b. Add 10 pL of 10 mM ATP.
18. Store at OoC in dark. The coated beads are usable for about 6 months.
Attaching Actin Filaments to Gelsolin-Coated Beads
(Source: Suzuki et al, Biophys J70:401-408 (1996))
Materials:
0.1 mL of gelsolin-coated beads stock
10X Solution C without ATP and DTT
50 mM DTT
10 mM ATP
1. Mix 0.1 mL of gelsolin-coated beads stock with 0.1 mL of solution C.
a. Mix 20 gpL of 50 mM DTT, 10 LtL of 10 mM ATP, 100 gL of 10X solution C and
870 gtL of imidazole pH 7.4.
2. Sonicate for 30 seconds (25% in cup sonicator).
3. Wash beads four times at 6,000 rpm for 4 minutes, and resuspend after each wash with
0.2 mL of solution C except for last wash.
4. Sonicate for 30 seconds (40% in cup sonicator).
5. After last wash resuspend beads in 40 gL of solution C and 5 gL of 10 gLM of F-actin
labeled with fluorescent dye.
6. Mix gently and incubate overnight at 00 C in the dark.
7. Dilute the suspension 1:50 with 2 mg/mL of BSA in solution C.
8. Incubate for more than 2 hours at 0oC in dark.
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Appendix C: Assay for single molecule actin experiments
Single molecule assay for actin unbinding experiments
Materials:
BSA conjugated with biotin (3 mg/mL)
PBT buffer
Streptavidin (0.1 mg/mL)
Dextran
IX F-buffer (9 parts GAB + 1 part APB)
BSA (3 mg/mL) in 1X F-buffer
GAB
APB
Rhodamine Phalloidin, Alexa-Fluor 547 Phalloidin, or Phalloidin
1. Incubate 20 gL of 3 mg/mL biotin/BSA in a flow cell for 20 minutes.
2. Wash with 200 gLL of PBT.
3. Flow 20 gIL of 0.1 mg/mL streptavidin and incubate for 20 minutes.
4. Wash with 200 [tL of 3 mg/mL BSA in IX F-buffer.
5. Flow 20 [tL of 50 nM biotin/actin in 1% Dextran, 3 mg/mL BSA in IX F-buffer and
incubate for 20 minutes
* To dilute biotin/actin to 50 nM first mix 5 giL of 10 jtM biotin/actin, 2 jiL of 66
jiM of Alexa 547 phalloidin and 90 gLL of 3 mg/mL BSA in IX F-buffer. This will
yield a concentration of 500 nM biotin/actin
* Then mix 10 giL of the above solution with 90 tiL of 1% dextran, 3 mg/mL BSA
in IX F-buffer.
6. Wash with 100 giL of 1% dextran, 3 mg/mL BSA in IX F-buffer.
7. Flow 20 tL of the actin binding protein at 20 nM and incubate for 20 minutes.
8. Wash with 100 gjL of 3 mg/mL BSA in IX F-buffer.
9. Flow 20gtL of actin filaments attached to beads, prepared per Appendix B.
10. Seal the flow cell with nail polish..
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Appendix D: Preparing PEG coated beads
Protocol for coating Amino-Beads with PEG-NHS (adapted from E. Krauland)
Materials:
PEG-NHS (2M4MOHO1, M-SPA-5000, Nektar)
2 ptm 1 pm amino-beads (Polysciences)
DMSO
Methanol
ddH20
1. Mix 20iL of beads with 100L of H20.
2. Spin down the bead solution for 10 minutes @ 14000 rpm.
3. Remove supernatant and resuspend with 100I L of methanol. Note: it was somewhat
difficult to break the pellet it took several steps of vortex and pippetting to fully break the
pellet.
4. Spin down the bead solution for 10 minutes @ 14000 rpm.n
5. While spinning down the beads, dilute PEG-NHS to 10 mg/mL in 1:4 DMSO/methanol
(1 part DMSO, 4 parts methanol) by diluting 25 mg of PEG with 2.5 mL of
DMSO/methanol.
6. Add 200 uL of 10mg/mL PEG solution to beads and resuspend.
7. Incubate for 2 hours under mixing conditions.
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Appendix E: Matlab code for passive microrheology
% Title: Viscoelastic Properties from Power Spectral Density of Bead Motion
% Jorge Ferrer
% October 10, 2005 - original
% June 15, 2006 - revised - This file is for calibrations in water only.
% This program converts a stream of voltage data collected at a specified
% sampling frequency (fs) to position using a 5th order calibration file.
% The power spectral density of the position is obtained using the command
% pwelch. Then, the PSD is fit to a Lorentzian to obtain the corner
% frequency and determine the trap stiffness. The trap stiffness is also
% obtained from the variance method. From the PSD, it obtains the complex
% modulus G = G' + iG" according to Addas et al (Phys Rev, v70,2004).
% It also uses zero padding before the sine-cosine transforms to obtain the
% compliance alpha'. The data is averaged using geometic series binning
% before obtaining the modulus G.
clear all
close all
clc
% ------------------------- Parameters-------------------------------
fs=50000;%[Hz], sampling frequency, used in PSD (pwelch)
kb=1.3806503E-23; %[J/K], Boltzmann constant
T=300; %[K], temperature
a=500E-9; %[m], bead radius
mu=0.03; %[Pa*sec], viscosity of fluid
h = 1.5E-6;%[m], distance from surface to center of bead
denom = 1 - ((9/16)*(a/h)) + ((1/8)*((a/h)^3)) - ((45/256)*((a/h)^4)) -
((1/16)*((a/h)^5));%correction factor
mu=mu/denom;%Height correction (Faxens Law)
beta = 6*pi*mu*a ;%Drag coefficient corrected
% --------------- Load file with voltage data-------------------------
[calibration,pathname] = uigetfile('*.txt','Select the Calibration
Coefficient file');
cal=load(calibration); %V to AOD Space Calibration Parameters
calx=cal(:,l);caly=cal(:,2);
[voltdata,pathname] = uigetfile('*.txt','Select the data file');
trace=load(voltdata);
N=2^(floor(log2(length(trace))));%Determine the highest power of 2
corresponding to number of data points
Vx=trace(l:N,1);%Truncate number of data points to highest power of 2
possible (N)
Vy=trace(l:N,2);
clear trace cal pathname calibration
% -------------- Convert voltage data to position---------------------
% AOD 5th order
AODtonmx=1148.1*10^-9; %[m/MHz]
AODtonmy=1041.1*10^-9; %[m/MHz]
nmx= (lE-
9)*(calx(l)+calx(2)*Vx+calx(3)*Vy+calx(4)*Vx.^2+calx(5)*Vy.^2+calx(6)*Vx.^3+c
alx(7)*Vy.^3+calx(8)*Vx.^4+calx(9)*Vy.^4+calx(10)*Vx.^5+calx(ll)*Vy.^5+calx(l
2)*Vx.*Vy+calx(13)*Vx.^2.*Vy+calx(14)*Vx.*Vy.^2+calx(15)*Vx.^3.*Vy+calx(16)*V
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x.^2.*Vy.^2+calx(17) *Vx.*Vy.^3+calx(18)*Vx.A4.*Vy+calx(19)*Vx.A3.*Vy. 2 +calx(
20)*Vx.^2.*Vy.^3+calx(21)*Vx.*Vy.^4);
nmx=nmx-mean (nmx); % [m]
nmy=(lE-
9)*(caly(1)+caly(2)*Vx+caly(3)*Vy+caly(4)*V +caly((5) *Vy.A 2 +caly(6 )*Vx.^ 3 +c
aly(7)*Vy.^3+caly(8)*Vx.^4+caly(9) *Vy.4+caly(10)*Vx.A5+caly(11)*Vy.^ 5 +caly(l
2)*Vx.*Vy+caly(13) *Vx. 2.*Vy+caly(14) *Vx. *Vy. 2+caly(15) *Vx. 3.*Vy+caly(16)*V
x.^2. *Vy.^2+caly(17) *Vx.*Vy. 3+caly(18) *Vx. 4.*Vy+caly(19) *Vx. 3.*Vy.^2+caly(
20)*Vx.^2.*Vy.^3+caly(21)*Vx.*Vy.^4);
nmy=nmy-mean(nmy);%[m]
% Rotate axis
% psdx=(nmx-nmy)*sin(pi/4);%[m]
% psdy=(nmx+nmy)*sin(pi/4);%[m]
% kxAOD=(kb*T/var(nmx));
% kyAOD=(kb*T/var(nmy));
clear AODtonmx AODtonmy
% -------------- Trap stiffness from variance-------------------------
kxvar=(kb*T/var(nmx));%[N/m]
kyvar= (kb*T/var (nmy)); % [N/m]
% ------------- Power spectrum denstity of data-----------------------
n=log2(N)-1;%window data to 2^n points
[Pxx,freqx]=pwelch(nmx,2^n,[],[],fs);% Pxx [=] m^2/Hz; freqx [=] Hz
[Pyy,freqy]=pwelch(nmy,2^n,[],[],fs);% Pyy [=] m^2/Hz; freqy [=] Hz
clear trace n fs h psdx psdy Vx Vy N nmx nmy
% ---- ------------------ Cutoff frequencies---------------------------
flower=0.1; % [Hz]
fupper=20000;%[Hz]
% Find the index for the cutoff frequency
1=1;
while freqx(l) < fupper,
1=1+1;
end
1=1-1;
m=l;
while freqx(m) < flower,
m=m+l;
end
Pxx=Pxx(m:l);%[m^2/Hz]
freqx=freqx(m:1);%[Hz]
Pyy=Pyy(m:l);%[m^2/Hz]
freqy=freqy(m:1);%[Hz]
clear 1 m flower fupper N
% ---------------Fit the voltage data to Lorentzian-------------------
% IG = [kb*T/(kxvar*pi^2) kxvar/(2*pi*beta)];%Initial guesses for SO and
corner frequency (fO)in PSD-x
% fitx = nlinfit(freqx,Pxx,@lorentzian_call,IG);
% fity = nlinfit(freqy,Pyy,@lorentzian_call,IG);
% SOxfit=fitx(l);%Initial value of PSD
% f0xfit=abs(fitx(2));%corner frequency in PSD-x
% SOyfit=fity(1);%Initial value of PSD
% f0yfit=abs(fity(2));%corner frequency in PSD-y
% clear fitx fity IG
% ---------- Generate Lorentzian curve with fit parameters--------------
% Pxxfit=(S0xfit)*(f0xfit^2)./((f0xfit ^2)+(freqx.^ 2 ));
% Pyyfit=(S0yfit)*(foyfit^2)./((f0yfit ^ 2)+(freqy. ^ 2 ));
% ---------- Trap stiffness from corner frequency --
% kxfc=2*pi*beta*f0xfit;%[N/m]
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% kyfc=2*pi*beta*f0yfit;%[N/m]
% -------------- Plot the data PSD and the Lorentzian fit---------------
figure(l)
loglog(freqx,Pxx, 'b.');
hold on;
loglog(freqy,Pyy,'g.');
xlabel('Frequency (Hz)')
ylabel('Power Spectral Density [m^2/Hz] ')
legend('Pxx', 'Pyy')
% ---------- Get alpha' and alpha" according to Addas paper-------------
% alpha"
appx=(pi/(2*kb*T)).*freqx.*Pxx;%[m/N]
appy=(pi/(2*kb*T)).*freqy.*Pyy;%[m/N]
Nf=length(freqx);
% alpha' from the discrete cosine-sine transform with padding
pad=3; %Factor to multiply the number of points for padding
apx=sqrt(2)*dct(dst(appx,pad*Nf))/sqrt(pad*Nf);
apy=sqrt(2)*dct(dst(appy,pad*Nf))/sqrt(pad*Nf);
% Truncate apx to the same length of appx
k=length(appx);
apx=apx(l:k);
apy=apy(1:k);
clear k Nf pad
% ---------------- Complex compliance alpha--------------------------
% alphax=apx+(j*appx);
% alphay=apy+(j*appy);
% -------------------- Complex modulus G------------------------------
% Glx=1./(6*pi*a*alphax);
% Gly=l./(6*pi*a*alphay);
% --------------------------------------------------------------------
% Average PSD in bins of increasing width according to geometric series
% Generate a vector of frequencies (of length Nf) from intial freqx to last
% freqx in log space
Nf=50;%number of bins
fx=logspace(logl0(freqx(l)),logl0(freqx(length(freqx))),Nf);
% Determine bin with and parameters for geometric series
for q=l:length(fx)-1
bin(q)=fx(q+l)-fx(q);
end
clear q
a0=bin(l);% Initial bin width
ratio=bin(2)/bin(1);% ratio for geometric series
% Find the lower and upper indeces for each bin
sum(l)=0;
for k=l:length(bin)
sum(k+l)=a0*(ratio^(k-l)) + sum(k);
for m=l:length(freqx)
if freqx(m)<= freqx(l)+sum(k+l),
upper=m;
else
break
end
end
for q=l:length(freqx)
if freqx(q) > freqx(1) + sum(k)
break
else
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lower=q;
end
end
flogx(k)=mean(freqx(lower:upper));%Average frequency (log space bins)
Plogx(k)=mean(Pxx(lower:upper));
aplogx(k)=mean(apx(lower:upper));%Average alpha' (log space bins)
applogx(k)=mean(appx(lower:upper));%Average alpha" (log space bins)
flogy(k)=mean(freqy(lower:upper));%Average frequency (log space bins)
Plogy(k)=mean(Pyy(lower:upper));
aplogy(k)=mean(apy(lower:upper));%Average alpha' (log space bins)
applogy(k)=mean(appy(lower:upper));%Average alpha" (log space bins)
end
clear bin k m q 1 upper lower fx Nf apx apy appx appy
figure(2)
loglog(flogx,Plogx, 'b.');
hold on;
loglog(flogy,Plogy, 'r.');
xlabel('Frequency (Hz)')
ylabel('Power Spectral Density [m^2/Hz] ')
legend('Plogx', 'Plogy')
% ------------- Complex compliance (alpha) after average---------------
alphax=aplogx+applogx*j;
alphay=aplogy+applogy*j;
% -------------- Complex modulus G after average--------------------
G2x=(6*pi*a*alphax).^-1;%[Pa]
G2y=(6*pi*a*alphay).^-1;%[Pa]
name=voltdata(l:length(voltdata)-3);
filename=['Results_',name, 'mat'];
save(filename,'G2x','G2y','flogx','flogy','kxvar','kyvar','freqx','freqy','Px
x','Pyy','Plogx', 'Plogy')
clear filename Plogx Plogy alphax alphay f0xfit f0yfit Pxfit Pyfit Pxx Pyy
freqx freqy voltdata
% -------------- Theoretical G' for trap + water only------------------
for s=l:length(flogx)
Gpthx(s)=kxvar/(6*pi*a);
Gpthy(s)=kyvar/(6*pi*a);
end
clear s
% ----- ---------------- Theoretical G"------------------------------
Gppth=2*pi*mu*flogx;
% ----------- Theoretical alpha' for trap + water solution------------
% aptx=(kxvar/(12*(pi^2)*a*mu))*applogx.*(l./flogx);
% alpha2x=aptx+applogx*j;%[m/N]
% apty=(kyvar/(12*(pi^2)*a*mu))*applogy.*(l./flogy);
% alpha2y=apty+applogy*j;
clear applogx applogy kxvar kyvar aptx apty
% ------- Plot G' and G" for all conditions (data and theoretical)-------
figure(3)
loglog(flogx,real(G2x), 'bo',flogx,imag(G2x)*-l, 'ro')
hold on;
loglog(flogy,real(G2y), 'go',flogy,imag(G2y)*-1, 'ko')
loglog(flogx,Gpthx, 'b')
loglog(flogy,Gpthy, 'g')
loglog(flogx,Gppth, 'r')
xlabel('Frequency (Hz)')
ylabel('Shear Elastic Modulus G'' and Loss Modulus G" (Pa)')
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legend('G'' x', 'G" x', 'G' ' y', 'G" y','G''x theory','G''y theory','G"
theory')
clear all
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Drawing Number Name Descrption Revision
OT-001 Bar Support, Back Bar to attach microscope base to table, back B
OT-002 Bar Support, Front Bar to attach microscope base to table, front B
OT-003 Bar Piece for 45" Dichroic Holder Adapter for holding the dichoic holder A
OT-004 Modifications for 45* Dichroic Holder Modification to the dicrhoic holder A
OT-005 L-Bracket Bracket to attach the main plate to the B
microscope base
OT-006 Objective Holder (Wollaston Holder) Bar with threads for objective and slot for AWollaston
OT-007 Objective Holder Support Bracket to attach the objective holder to the A
focusing mechanism
OT-008 Main Base (2 Sheets) Base to mount the Rolyn stage and piezo stage D
OT-009 Detection Branch Support Holds the optics for the detection system A
OT-010 Condenser Adapter to attach the detection branch support Ato the condenser
OT-011 Condenser Modifications Modification to the condenser to implement Bdetection system
OT-012 Rolyn Stage Modifications Locations for tapped holes to attach the piezo A
stage to the Rolyn stage
OT-013 AOD Base Modificatins Modification to AOD base to separate it into tw AOT013 Baseindependent pieces
OT-014 AOD Mount Modifications Modification to AOD mount to prevent A
mechanical interference
OT-015 PSD Mount Plate to mount the PSD in a 45* angle A
OT-016 Etch Rack Rack design for etching coverslips B
OT-017 Ring Adapter for Condenser Adapter to attach a dichroic inside the A
condenser (part of the detection system)
OT-018 Box Post Posts for optics and dark boxes A
OT-019 Side Bar for Box Short bar to support lid of optics box A
OT-020 Long Bar for Box Long bar to support lid of optics box A
OT-021 Box Assembly Full optics box assembly A
OT-022 Bottom Plate Adapter Plate to hold the lens for the TIRF system A
OT-023 Side Plate Adapter Plate to attach the bottom plate adapter to a 3- A
axis stage
OT-024 Mic Bottom Plate Adapter Adapter to attach lens and mirror of TIRF
system to microscope
OT-025 Kinematic Mount Adapter Adapter to mount the mirror to the I-axis stage AOor the TIRF system
OT-026 Filter Cube Adapter Plate (2 sheets) Adapter to mount the filter cube to microscope A
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Appendix F: Schematics
Components:
1. Model of microscope frame
2. Main base (OT-08)
3. L-bracket (OT-05)
4. Objective holder (OT-06)
5. Holder adapter (OT-07)
6. Wollaston crystal
7. Bar piece (OT-03)
8. Modified 450 holder (OT-
04)
9. Lens mount
Microscope modifications (exploded view). Inset: Assembly view.
Components:
1. Modified condenser
housing (OT-011)
2. Adapter ring (OT-017)
3. Detection branch
adapter (OT-010)
4. Detection branch (OT-
009)
Condenser housing modification and detection branch (exploded view). Inset: assembly view
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TIRF System:
1. Lens (KPX097 f=12cm, Newport) and lens
holder (LMR1, Thorlabs)
2. 3-axes stage (M-MT-XYZ, Newport)
3. Reflective mirror (02 MPQ 007/023, Melles
Griot)
4. 1-axis stage (MT-X, Newport)
5. Filter cube (Z488RDC or Z514RDC,
Chroma)
6. Bottom plate adapter (OT-24)
7. Filter cube holders (M-MRL1.5, Newport)
8. Kinematic mount adapter (OT-25)
9. Kinematic mount (KMS/M and MH1,
Thorlabs)
10. Magnetic mount (KB X)
11. Magnetic mount adapter (OT-22)
12. Side adapter plate (OT-23)
13. Filter cube adapter plate (OT-26)
14. Input beam (from source)
15. Ouput beam (to objective)
15
7
Schematic representation of TIRF system implemented in the Nikon TE2000-U microscope.
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